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Silicon Photonic Devices and Their Applications 
Ying Li 
Silicon photonics is the study and application of photonic systems, which use silicon as an 
optical medium. Data is transferred in the systems by optical rays. This technology is seen as 
the substitutions of electric computer chips in the future and the means to keep tack on the 
Moore’s law. 
Cavity optomechanics is a rising field of silicon photonics. It focuses on the interaction 
between light and mechanical objects. Although it is currently at its early stage of growth, this 
field has attracted rising attention. Here, we present highly sensitive optical detection of 
acceleration using an optomechanical accelerometer. The core part of this accelerometer is a 
slot-type photonic crystal cavity with strong optomechanical interactions. We first discuss 
theoretically the optomechanical coupling in the air-slot mode-gap photonic crystal cavity. The 
dispersive coupling gom is numerically calculated. Dynamical parametric oscillations for both 
cooling and amplification, in the resolved and unresolved sideband limit, are examined 
numerically, along with the displacement spectral density and cooling rates for the various 
operating parameters. Experimental results also demonstrated that the cavity has a large 
 
optomechanical coupling rate. The optically induced spring effect, damping and amplification 
of the mechanical modes are observed with measurements both in air and in vacuum. Then, we 
propose and demonstrate our optomechanical accelerometer. It can operate with a resolution of 
730 ng/Hz1/2 (or equivalently 40.1 aN/Hz1/2) and with a transduction bandwidth of ≈ 85 kHz. 
We also demonstrate an integrated photonics device, an on-chip spectroscopy, in the 
last part of this thesis. This new type of on-chip microspectrometer is based on the Vernier 
effect of two cascaded micro-ring cavities. It can measure optical spectrum with a bandwidth 
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1.1  A Brief Introduction of Cavity Optomechanics  
Optomechanics is the optical and mechanical degree of freedom coupling via optical 
radiation or gradient force. The idea of cavity optomechanics can be explained by using 
a Fabry-Perot cavity with one of its mirrors attached to a spring. The cavity supports 
many optical modes with frequencies down to the fundamental mode of frequency ν0 = 
c/2L, where L is the length of the cavity. For a displacement of one of the mirrors, δx, 
the frequency of the optical mode will shift by ν0δx/L = δν0. This is the essence of 
optomechanical coupling: a mechanical displacement of the cavity induces a change in 
the state of the light [1-4].  
One of the factors that drives the rapidly growing interests in cavity 
optomechanics is the highly sensitive optical detection of small forces, displacements, 
masses and accelerations. In order to realize the highly sensitive detection, people need 
to make a very small system that can manage to maintain high quality optical and 
mechanical resonances [5]. The photonic crystal cavity is one of such systems. They 
have unique advantageous to do optomechanical coupling from their strong light 
confinement and enhanced light-matter interaction [6-10]. Previous studies have 
demonstrated that the slot-type photonics crystal cavities have high quality optical 
factors in small mode volumes [11].  
 




One of the most important applications of cavity optomechanics, the high precision 
sensing has been demonstrated. The design is based on the high optical quality factor 
and small mode volume photonics crystal cavities. The optomechanical coupling in the 
cavities has been analyzed in terms of theory, numerical simulations and experimental 
characterization in this thesis.  An on-chip high performance optical spectrum analyzer 
has also been demonstrated in the last part of the thesis.    
In Chapter 2, the strong optomechanical dynamical interactions in ultrahigh-Q/V 
slot-type photonic crystal cavities are described. The dispersive coupling is based on the 
mode-gap photonic crystal cavities with light localization in an air mode with 0.02(λ/n)3 
mode volumes while preserving optical cavity Q up to 5 ×106. The mechanical mode is 
modeled to have fundamental resonance Ωm/2π of 460 MHz. For this slot-type 
optomechanical cavity, the dispersive coupling gom is numerically computed at up to 940 
GHz/nm (Lom of 202 nm) for the fundamental optomechanical mode. Dynamical 
parametric oscillations for both cooling and amplification, in the resolved and 
unresolved sideband limit, are examined numerically, along with the displacement 
spectral density and cooling rates for the various operating parameters. 
 In Chapter 3, the optomechanical properties of fabricated samples are 
experimentally demonstrated. With a large optomechanical coupling rate, the optical 
induced spring effect, damping and amplification of the mechanical modes are observed 
with measurements in air. Behaviors above the parametric instability threshold are 
shown. The phase noise of the optomechanical oscillator is analyzed.  




resolution at 730 ng/Hz1/2 (or equivalently 40.1 aN/Hz1/2), with a transduction bandwidth 
of ≈ 85 kHz. Driven into the optomechanical sustained-oscillation mode, the slot 
photonic crystal cavity provides a radio-frequency (RF) readout of the optically-driven 
transduction with an enhanced sensitivity of 196 ng per Hz of RF shift. Measuring the 
optomechanically-stiffened oscillation, instead of optical transmission shift, provides a 
125.1× resolution enhancement over pre-oscillation mode detection due to strong 
optomechanical transduction and readout in the optical domain. This DC acceleration 
measurements operate at the thermal limit and 3.7× the quantum backaction noise, with a 
23.5 dB dynamic range, supported by our theory and numerical modeling.  
In Chapter 5, a high resolution, broadband on-chip optical spectrum analyzer 
(OSA) based on two cascaded tunable ring resonators is demonstrated. Heaters are 
integrated with the rings and used to continuously tune the resonances. The measured 
spectral response of the spectrometer shows a resolution of 0.22 nm over an operating 
bandwidth of 70 nm around 1550 nm center wavelength. The footprint of the 
spectrometer is less than 1.5 mm2. The device is integrated on silicon on insulator (SOI) 
substrate together with a Germanium photodetector and traveling-wave Mach-Zehnder 
modulator. By using the on-chip modulator and a lock-in amplifier to extract the signal 
from noise, the power sensitivity of the device reaches  -31.2 dBm. The dynamic range 
of the spectrometer is -31.7 dB at 1.0 nm.  
Finally in Chapter 6, we discuss how these optomechanical devices can be useful 
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2.1  Introduction 
The basis of cavity optomechanics is the radiation pressure forces, which rises from the 
momentum of light. The first study of radiation pressure forces can be traced back to the 
17th century. Kepler first postulated the radiation pressure forces from his observation of 
comets when he noted that the dust tails of the comets pointing away from the sun during 
a comet transit [1]. About 250 years later, Maxwell’s theory of electromagnetic radiation 
put this conjecture on solid theoretical grounds. However, the first experimental 
demonstrations of the radiation pressure force that in agreement with Maxwell’s 
predictions were not observed until the beginning of the 20th century. The experiments 
were carried out by Lebedew in Russia [2] and Nichols and Hull in the United States [3]. 
In 1909, Einstein derived the statistics of the radiation pressure force fluctuation acting 
on a moveable mirror [4].  
One of an extraordinarily critical technique realized by using the radiation 
pressure force is laser cooling. Hansch and Schawlow [5] and Dehmelt and Wineland [6] 
first pointed out the non-conservative nature of the radiation pressure force in 1975. 
Arthur Ashkin later demonstrated that focused lasers beams could be used to trap and 
control dielectric particles [7, 8]. Then, laser cooling arose great interests and gradually 
became an important technique [9]. Many applications has also been enabled by laser 
cooling, from optical atomic clocks, precision measurements of the gravitational field to 





Also in the 1970s, Braginsky and his team started to investigate the ability of 
radiation force of cooling larger objects. One of the initial efforts examines macroscopic 
movable mirrors in the Laser Interferometer Gravitational Wave Observatory (LIGO) 
project [12-13]. After that, people started to explore theories of quantum cavity 
optomehcanical system in the 1990s [14-16]. Experimental demonstrations of 
optomechanical coupling were reported in the new century. Several classes of cavity 
optomechanical systems have been explored. Based on the micro- and nano-fabrication 
techniques, optomechanical resonators such as mirror coated AFM-cantilevers [17], 
movable micromirrors [18-19], vibrating microtoroids [20-21], and nano-membranes 
[22-23] have been examined recently. Nowadays, the field of cavity optomechanics 
develops very fast [24-28]. Recent studies cover a vast span of applications [17-20, 29-
41]. In addition to the radiation-pressure dynamic backaction, another class of 
optomechanical devices, such as photonic crystal cavities, utilizes optical gradient forces 
[42-47] based on near-field effects. Compared to radiation-pressure based 
optomechanical cavities, these devices can achieve wavelength-scale effective 
optomechanical coupling lengths due to the strong transverse evanescent-field coupling 
between the adjacent cavity elements [32, 38, 39, 42, 43, 47]. 
Photonic crystal membranes can be a very good candidate platform with great 
design flexibility [48-43], with photonic crystal cavities offering an ultrahigh optical 
quality factor with a small volume [54-56]. The internal optical intensity is very high and 




mechanical cavity modes with strong coupling with the optical modes, special design 
considerations are needed. Current reported geometries are either in-plane in side-by-
side configuration [57-58] or vertically superimposed in face-to-face configuration [59]. 
Both configurations are recently examined experimentally to be promising for cavity 
optomechanical applications. 
In this chapter, we theoretically investigate the large dispersive optomechanical 
coupling between the mechanical and optical modes of a tuned air-slot mode-gap 
photonic crystal cavity [60]. First, the optical modes are shown to exhibit high optical 
quality factor (Q) with ultra-small mode volumes (V) [61-65], from three-dimensional 
finite-difference time-domain (FDTD) numerical simulations. The mechanical modes 
and properties are then modeled using finite element methods. Based on first-order 
perturbation theory [66-67] and parity considerations, the respective optomechanical 
modes are then examined numerically. The dynamical backaction of slot-type photonic 
crystal cavities is studied, including the optically-induced stiffening, optical cooling and 
amplification, and radio-frequency spectral densities, for various laser-cavity detuning, 
pump powers and other operating parameters. We also note that the slot-type photonic 
crystal cavity can operate in the resolved-sideband limit, which makes it possible to cool 
the mechanical motion to its quantum mechanical ground state. 
 
2.2  Optical design of slot-type photonic crystal 
We have taken our initial parameters from our previous study [24] and varied t, r. 




recently demonstrated experimentally for gradual width-modulated mode-gap cavities 
[60] or heterostructure lattices [45], and theoretical proposed earlier in Ref. [56]. A non-
terminated air-slot [64] is added to width-modulate line-defect photonic crystal cavities 
to create ultrasmall mode volume cavities. To better understand the various modes 
existing in the air-slot mode-gap cavities, the modes in the slotted photonic crystal 
waveguide with W1 line-defect width and their dispersion properties are first 
investigated and shown in Fig. 2.1(a) for the three localized waveguide modes. Mode I 
and II can be traced back to the W1 waveguide fundamental even mode and high-order 
odd mode respectively inside the photonic band gap, while mode III can be understood 
as arising from the second index-guided mode (as shown in Ref. [68]) below the 
projected bulk modes. We produce the cavities by locally shifting the air holes away 
from the center of waveguide – thus the cavity mode resonances are created below the 
transmission band of the slotted waveguide. Two of the possible modes in the cavities 
are shown in Fig. 2.1(b). Confirmed from the mode frequency and symmetry, cavity 
mode I is due to the mode gap of slotted waveguide mode I [Fig. 2.1(b)] and is expected 
to have both high Q and sub-wavelength V. Cavity mode II [Fig. 2.1(c)] represents the 










Figure 2.1 | Band diagram and optical field of the photonic crystal cavity. a, 
Photonic band structure of slotted PhCWG with s = 80 nm. The blue lines show the three 
modes in the slotted PhCWG. b, H-field and energy distribution of waveguide modes I, 








A scanning electron micrograph (SEM) image of the cavity is illustrated in Fig. 
2.2(a) with a = 490 nm, r = 0.34a, t = 0.449a, nsi = 3.48, s = 80 nm, dA = 0.0286a, dB = 
0.019a and dC = 0.0095a. FDTD simulation is performed to numerically evaluate the 
properties of the cavity mode. Fig. 2.2(b) shows the measured radiation spectrum of the 
cavity. For s = 80 nm, the air-slot mode-gap confined PCS photonic crystal nanocavity 
supports a high Q localized even mode [Fig. 2.1(c)] with Q factor up to 5×105 and a 
mode volume V of 0.02 (λ/nair)3 from numerical simulations [56, 60]. 2D Fourier 
transform of the electric field shows few leaky components inside the light cone, 
supporting the high Q character of this air-confined mode. From Fig. 2.1(c), the optical 
field is mainly distributed in cavity region, and the simulation results also show that the 
minimum number of lateral lattice rows next to the cavity to maintain the high Q is ~ 
three lateral lattice rows. We therefore designed each beam into three lines with eight 









Figure 2.2 | SEM images and optical modes. a, Example SEMs of the air-slot mode-
gap optomechanical cavity. The holes shifts are shown in the right panel with dA = 
0.0286a (red), dB = 0.019a (blue) and dC = 0.0095a (green), where a is the crystal lattice 
constant, for increasing the intrinsic cavity Q. Scale bar: 400 nm. b, Measured cavity 
radiation for the first two optical modes, with loaded Q at 25,400 for the second mode 






2.3  Mechanical design 
The mechanical modes are examined numerically via finite-element-method (FEM) 
simulations (COMSOL Multiphysics) for the dynamical motion of the suspended beams. 
The cavity mechanical modes can be categorized into common and differential modes of 
in-plane and out-of-plane motion [57] as well as compression and twisting modes of the 
two beams. The displacement fields Q(r) of the first eight mechanical modes are shown 
in Fig. 2.3. In the numerical simulations, the beams are clamped at both ends using fixed 
boundary conditions at the two ends (x = ±1.96 um) of the beam, meanwhile limiting 
motion in the x-y plane (in boundary condition constraint of z = ±110 nm has a standard 
notion displacement in Rz = 0 nm and Rx = 0 nm, where Rz (Rx) is the deformation along 
z(x) axis), with silicon material properties: Young’s modulus E of 130 GPa normal to 
[110] silicon crystallographic in-plane direction, thermal expansion coefficient α of 
4.15×10-6 K, specific heat capacity c of 703 J/(kg⋅K), thermal conductivity κ of 156 
W/(m⋅K) and density ρ of 2330 kg/m3. We choose the triangular mesh configuration, 
with an average mesh element volume of ~ 9×10-4 µm3, with the eigenfrequency and 
modal analysis for the first eight mechanical modes [Fig. 2.3], with eigenfrequencies 
ranging from 460 MHz to 2.16 GHz. Only mechanical modes with parity px, = py = pz = 
+1 can coupled to the optical slot cavity modes due to the symmetry of the optical field, 
as described in Ref. [52]. Among the first eight mechanical modes, five of them 




considerations – b and f do not have the right parity in the x direction while d, e and g 
modes cannot be excited because of asymmetry of the optical gradient force along the y 
direction. In this slot cavity, therefore, only the first, third and eighth mechanical modes 
(depicted in color) have strong dispersive coupling to the localized optical modes. These 
are in-plane differential modes with modal frequencies Ωm/2π at 459 MHz, 1.36 GHz 
and 2.16 GHz respectively for a suspended beam length L of 3.92 um. The effective 
mass of each mode is computed from 
€ 
meff = dV
r − r0( )
2
r − r0( )m
2∫ ρ , integrated over the 
computational space with ρ defined as the mass density, r the position from a fixed 
origin r0 and 
€ 
r − r0( )m  defined as the maximum displacement. The effective mass of the 
first, third, and eighth mechanical modes are computed to be 2 pg, 1 pg, and 0.3 pg 
respectively in our specific implementation with 3.92 um beam length, width of 1.7 um, 






Figure 2.3 | Example Mechanical displacement profile of the first eight mechanical 
modes. Modes in color (a, c, h) are allowed by parity considerations to couple to the 
optical modes; modes in grayscale (b, d, e, f, g) are forbidden by parity for sizable 
optomechanical coupling. Red (blue) denotes maximum (minimum) displacement and 





There are a number of possible dissipative processes where mechanical 
vibrational energy is dissipated into heat, either inside the structure or via interaction 
with its surroundings. These processes include squeezed film damping due to air 
viscosity [69], clamping losses which are due to the radiation of elastic waves into the 
substrate through the supports of the oscillator [70], internal viscous damping in the 
silicon structure, and thermoelastic damping [71]. Thermoelastic losses often set a lower 
ballpark estimate of the attainable Qm in a vibrating beam element, where Qm,Zener of the 









where TR is the ambient reservoir temperature,τz is the thermal relaxation time defined 
by , , and b is the width of the beam. With silicon material properties, TR at 
300 K, and b at 1.7 µm, Qm is found to be in the range of 12,000 for the fundamental 
mode, and 40,000 and 60,000 for the third and eighth mechanical modes respectively.  
 
2.4 Optomechanical properties 
Cavity optomechanics involves the mutual coupling of two modes in the same spatially 
co-located oscillator: one optical (characterized by its optical eigenfrequency and 
electromagnetic fields) and one mechanical (characterized by its mechanical 
eigenfrequency and displacement fields) degrees-of freedom. The perturbed cavity 




can be given by its Taylor expansion around ωo(α). If we consider the first-order 
expansion, and also set 
€ 
ω0(α ) =ω0 α =a0  as the equilibrium resonance of the optical 
mode, then the first order gom = dωo/dα can be defined as optomechanical coupling rate. 
gom also represents the differential frequency shift of the cavity resonance (ωo) with 
mechanical displacement (α) of the slot cavity beams. One can parameterize the 
interaction strength between optical and mechanical degrees-of-freedom by an effective 








, with a corresponding 
optomechanical coupling frequency gom defined by gom ≡ ωo/Lom.  
 
2.4.1 Perturbation theory 
Perturbation theory for Maxwell’s equations with shifting material boundaries was used 
to calculate the coupling length Lom [66, 67]. With the parameter 
€ 
Δα characterizing the 
perturbation, the Hellman-Feynman theorem [74] provides an exact expression for the 











E 0( ) ε E 0( )
, where the 
terms with the (0) superscripts denote the unperturbed terms. With shifting material 
boundaries, the discontinuities in the E-field or the eigenoperator are overcome with 
















perturbation of the cavity resonance. The integral is performed across the entire 
boundary surfaces of the optomechanical cavity, with h the displacement perpendicular 
to the unperturbed boundary surface. 
€ 
Δε12 is defined as (ε1 - ε2) and
€ 
Δ ε12




−1( ) . 
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is the unperturbed electric displacement D normal to the boundary surface. From Ref. 
[52], one defines Q(r)=αq(r), where α is the largest displacement amplitude that occurs 







dA q r( )⋅ ˆ n( )∫ Δε12 r( ) E||(0)
2
− Δ ε12
−1(r )( ) D⊥(0)(r )
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ˆ n  is the unit 
normal vector at the surface of the unperturbed cavity and the spatial r-dependence 
explicitly shown here.  
 
2.4.2 Optomechanical coupling in slot-type optical cavities 
Fig. 2.4 shows the computed optomechanical coupling in the slot-type mode gap 
cavities, from first-order perturbation theory. As noted from parity consideration, here 
we show the optomechanical coupling strengths for the first optical mode to the allowed 
first (Ωm,1) and second (Ωm,3) mechanical modes, denoted as gom(O1-M1) and gom(O1-M2) 
respectively. We illustrate the coupling strengths for different slot gaps s of cavity, 
ranging from 40 nm to 200 nm. The electromagnetic field used is within a slot length l = 
8a, since the cavity is confined by the PhCWG mode gap to a spatial localization of only 




with the second mechanical mode, the gom is lower than that with the fundamental 
mechanical mode, which means the fundamental optical and mechanical modes provide 
the strongest dispersive coupling. The negative values depict as a decrease in optical 
resonance frequency for increasing slot widths s. For the fundamental mode, the 
dispersive coupling can go up to 940 GHz/nm (or a coupling length of 202 nm) for a slot 
width of 40 nm. These strong optomechanical coupling is more than an order of 
magnitude larger than in earlier optomechanical implementations. We also note that, 
since the electromagnetic field is negligible outside the cavity region of l = 8a, the 






















Figure 2.4 | Coupling rate of the slot cavity. a, Computed optomechanical coupling 
rates of the fundamental optical mode with first (black solid squares) and second (red 
open circles) allowed mechanical modes, computed for the different slot gaps s. The 
inset panel is the corresponding coupling length. b, Computed optomechanical coupling 
rates of the second optical mode coupled with first (black solid squares) and second (red 





2.5 Coupled mode theory 
The coupled equations of motion for the optical and mechanical modes can be derived 












































, where |a|2 is the stored 










, with intrinsic rate 1/τo and coupling rate 1/τex. 
€ 
Δ(x) =ω −ω0(x) is the 
pump laser frequency ω detuning with respect to the cavity resonance ωo(x) with 
explicitly displacement x shown. In this case, we have
€ 
Δ(x) = Δ − gOMx . FL(t) is the 
thermal Langevin force. We illustrate the time-domain displacement x(t) and the 
normalized cavity amplitude of the first optical and first mechanical modes in Fig. 
2.5(a). The cavity amplitude oscillates in-phase with the displacement within the 
mechanical frequency cycle as shown. The sub peaks of the cavity amplitude a come 
from the overlap of the first and second harmonic modes. In Fig. 2.5(b) we show the 
optical cavity amplitude transduction for different normalized detunings (Δτ = -1, -0.25, 
0, 0.25, 1). At zero detuning and with a launched power |s|2 into the cavity, the cavity 
amplitude oscillates with a single-period cycle at the fundamental mechanical mode 
frequency, as indication of mixing of the optomechanical domains. At detunings Δτ = 




inverted transmission between the blue and red detunings. At larger detunings (such as 










Figure 2.5 | Time-domain cavity amplitude from coupled equations. a, Time-domain 
cavity amplitude a (solid blue line) and displacement x (dashed green line) of the first 
optical and first mechanical modes, with gom of 940 GHz/nm, Ωm/2π of 470 MHz, Qm of 
12,400, κ/2π of 425 GHz, and (1/τex)/2π of 38 MHz. b, Time-domain cavity amplitude 





2.6 Displacement spectral density 
2.6.1 Optically-induced stiffening and effective damping rate 
From the coupled equations, the x-dependent contribution to this adiabatic response 
provides an optical contribution to the stiffness of the spring-mass system. The 
corresponding change in spring constant leads to a frequency shift relative to the 
unperturbed mechanical oscillator eigenfrequency, or termed as optically-induced 
stiffening [13, 57]. The non-adiabatic contribution in coupled equations is proportional 
to the velocity of the spring-mass system. The optical gradient force induced damping 
rate modifies the intrinsic mechanical resonator loss rate Γm, yielding an effective 
damping rate: 
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p . We note that 
this is valid only in the weak retardation regime in which 
€ 
κ >> Ωm . We illustrate in Fig. 
2.5 the corresponding frequency shifts and effective damping rate of the slot-type mode-
gap cavity, for different input powers and normalized detuning (Δτ). With this classical 
model, the laser introduces a damping without introducing a modified Langevin force. 
This is a key feature and allows the enhanced damping to reduce the mechanical 
oscillator temperature, yielding as a final effective temperature Teff for the mechanical 





TR . As shown in Fig. 2.5, as optical Q increases, at 




lowered, denoting the increased cooling rate. For a fixed optical Q in the unresolved 
sideband limit, there will be an optimal detuning where the linewidth reaches its largest 
value and the effective temperature is the lowest. In our case this optimal detuning Δτ is 
around -0.25 with an input power of 50 pW and the effective temperature can be lower 











Figure 2.6 | Optomechanical cooling and heating effect. a-c, Two-dimensional surface 
plots of the first optical – first mechanical mode linewidth a, mechanical frequency b, 
and effective temperature c, for varying detunings and optical Q factors. A fixed pump 
power of 1 pW is used, along with an effective mass of 200 fg and a 300 K bath 
temperature. The dashed white line denotes the condition for Ωm = κ. d-f, Example first 
optical – first mechanical mode linewidths (d), frequency shift (e) and effective 
temperature (f) with two input powers (P) and varying laser-cavity detuning. Otherwise 





2.6.2 Spectral intensity  
The spectral intensity of purely mechanical displacement in the oscillator is described as: 
€ 
Sx Ω( ) =
2ΓmkBT /mx
Ωm
2 − Ω2( )2 + ΩΓm( )
2 , without the optical stiffening and damping. Since the 









the expression into 
€ 
Ωm
' = Ωm + ΔΩm  and 
€ 
Γm
' = Γ+ Γm. Fig. 2.7(a) shows the resulting 
displacement spectral density when the input power P changes from 0 to 6.9uW, and 
normalized detuning Δτ = -0.25 where the linewidth has the maximum value and the 
frequency shift is positive. With increasing input power, the peak value of the 
displacement spectral density goes down and the full-width at half-maximum becomes 
larger, which demonstrates an effective cooled temperature of the slot-type 
optomechanical oscillator. In Fig. 2.7(b) we show the optical stiffing and linewidth 
damping of the first two mechanical modes, for a span of detunings while maintaining a 
fixed input power. Note that the optical stiffening is not monotonic with increasing 
detuning. For a cavity decay κ/2π of 387 MHz, the optimal detuning is at Δτ of -0.43, for 
the largest optical gradient force stiffening. For the second allowed mode, in the region 
of normalized detuning from zero to -4, this stiffening is large which leads to a 
significantly suppressed spectral density. Moreover, note that in both Fig. 2.7(a) and 
2.7(b), a large optical stiffening can be observed in the slot-type optomechanical cavity, 
where the optical stiffening can result in a modified mechanical frequency more than 






Figure 2.7 | Displacement spectral density. a, Displacement spectral density of the first 
mechanical mode, with optical detuning from the first optical mode. With the input 
power increasing from 0 to 9.5 µW, in addition to an observed optical stiffening, the 
amplitude decreases with a larger linewidth for a decrease in the effective temperature. 
The detuning Δτ is fixed at -0.25, for an optical Q of 5×105, meff of 2 pg, at 300K bath 
temperature. b, Displacement spectral density of the first and second allowed mechanical 
modes with different detunings. The scale bar is in dB with units of m2/Hz (pump 





As shown above, both cooling and amplification can be realized in the 
optomechanical cavity through the red- and blue-detuning to the cavity resonance. An 
important question is what limiting temperature is achievable with the optical gradient 
force backaction cooling technique as described above. Two theoretical papers [31, 35] 
have extended the classical theory of radiation-pressure backaction cooling to the 
quantum regime and shown the close relationship that cavity backaction cooling has with 
the laser cooling of harmonically bound atoms and ions. The result can be simply 
divided by two conditions. In the unresolved side-band regime, 
€ 
κ >> Ωm , the ground 





>>1, where nf is the minimum phonon number. On 
the other hand, in the resolved side-band regime,
 
€ 
Ωm >>κ, occupancies well below 





2 <<1. Most of the present optomechanical 
cavities are in the unresolved sideband regime, either because low optical quality factor 
or low mechanical frequency, which limit the minimum phonon number higher than 
unity. However, since our ultrahigh-Q/V slot-type photonic crystal cavity has a high 
optical Q factor and higher mechanical frequency due to its small volume, it has 
significant potential to operate into the resolved sideband region. For example, for the 
first mechanical mode (Ωm/2π of 460 MHz), an optical Q of more than 5×105 will bring 
the optomechanical oscillator within the resolved sideband limit with a nf of 1 ×10-3, 






In this chapter, we illustrate numerically the slot-type mode-gap photonic crystal cavities 
for strong optical gradient force interactions. With the simultaneous strong optical field 
localization in 0.02(λ/n)3 modal volumes and cavity Qo up to 5×106, we examined the 
optomechanical transduction of the various mechanical and optical modes for a 
dispersive coupling gom up to 940 GHz/nm for the fundamental modes. Temporal 
coupled oscillations between the optical and mechanical fields are examined, along with 
effects of large optically-induced stiffening, cooling and resulting displacement spectral 
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Parametric optomechanical oscillations in slot-type 




3.1  Introduction 
Photonic crystal (PhC) slab is a versatile platform for optical device development and 
scientific observations [1]. By adding defects to photonic crystal slab or waveguide, 
ultra-small volume (V) cavities can be engineered to have an ultra-high optical quality 
factor Q [2]. The large Q/V ratio indicates a strong internal optical field, which enables 
strong on-chip light-matter interactions due to the optical nonlinearities, such as free-
carrier dispersion and two-photon absorption [3]. In recent years, the field of cavity 
optomechanics has attracted extensive attention for investigation of light-structure 
interactions [4-6]. Due to the improvement of micro- and nano-fabrication techniques, 
on-chip devices with unique geometries have been successfully demonstrated with well-
coupled optical and mechanical modes, and much work has been done on actuation and 
cooling of their mechanical motions using optical pumps [7]. Compared with device 
platforms for microtoroid and microsphese etc., PhC slabs are shown to be an attractive, 
flexible platform for developing integrated devices that support well-coupled ultrasmall 
high-Q optical modes and small resonant mechanical modes [8,9]. The strong internal 
optical field of high-Q/V PhC cavities corresponds to a strong optical force with a low 
input optical power. The small size of the resonant mechanical device corresponds to a 
small physical mass or effective mechanical mass, which typically leads to a high 
mechanical frequency. The high mechanical frequency is important for reaching the 
sideband resolved regime, and is widely tunable by varying the geometrical parameters 
of the photonic crystal cavities [10]. The mechanical Q is another important factor for 




mechanical vibrations. It is possible to improve the mechanical Q of the PhC resonators 
by carefully engineering the anchor geometries to reduce the radiation losses. In 
particular, it is suggested that the radiation losses can be eliminated by anchoring the 
PhC resonator to artificial materials with complete mechanical band gaps covering the 
mechanical resonances [11-13]. Furthermore, the optomechanical coupling rates gom of 
the reported photonic crystal cavities are high with well-overlapped optical and 
mechanical fields [9,10,14]. Among these cavities, the differential in-plane mechanical 
modes of the air-slot photonic crystal cavities show relatively higher optomechanical 
coupling rates since the optical resonant frequencies are very sensitive to the slot-width 
variations [15,16]. We have theoretically investigated the dispersive optomechanical 
coupling in an air-slot mode-gap photonic crystal cavity. In this chapter, we will 
experimentally demonstrate the optomechanical properties of fabricated samples. With a 
large optomechanical coupling rate, the optical induced spring effect, damping and 
amplification of the mechanical modes are observed with measurements in air. 
Behaviors above the parametric instability threshold are shown. Finally, the phase noise 
of the optomechanical oscillator is analyzed. 
 
3.2  Device fabrication process 
The air-slot optomechanical cavity used in these experiments is similar in geometry to 
the one examined in our former work [15,17]. An air-slot is created along a regular 
mode-gap cavity [18] and holes in the cavity center are shifted by a few nanometers.  




National Laboratory (BNL), on a silicon-on-insulator (SOI) substrate with 250 nm 
device thickness on top of a 3 µm buried oxide cladding. To prepare the wafer, we use 
an ultrasonicator and O2 plasma to clean the surface of the wafer before spin-coating 
100% ZEP 520A resist on it. The rotation speed of the spin is 4000rmp yielding a 300-
nm thick resist coating. Electron-beam lithography is used to define the device after 
the resist coating is baked at 300oC for three minutes. The layouts of the devices are 
drawn with autoCAD. Numerous variants of the “self-consistent dose correction” are 
applied to correct proximity effect by using LayoutBEAMER, which allows the 
nanopatterning of the 80 nm (line) slot next to the photonic crystal round holes, with 
high fidelity to create the photonic crystal nanocavities. The nanocavities are then 
written with the 50 MHz JEOL JBX-6300FS system (Fig. 3.1(a)) at 100 keV and 100pA 
current, with rigorously optimized base dose of 280 µC/cm2.  Because we use the 
positive resist ZEP520A, the polymer bonds will be broken with the beam, which makes 
the resist more soluble in the exposed areas. The nanopattern is developed in xylene for 
90 seconds. The resulting pattern is then transferred into the silicon device layer through 
inductively-coupled plasma dry-etching at a rate of 20 nm/s. The ebeam resist is 
removed via Microposit solvent 1165 at 90°C and the large-membrane nanocavities air-
bridged via wet-etching the underlying oxide in 5:1 buffered-oxide etchant for 7 
minutes. The time of wet-etching may vary depends on the architectures of the devices. 
The samples are released with critical point drying technique to overcome stiction with 
high yield. The illustration of the fabrication process is shown in Fig. 3.1(b). Besides the 




using the above fabrication procedure as shown in Fig. 3.1(c)  
A scanning electron microscope (SEM) image of the fabricated sample is 
shown in Fig. 3.2(a). After calibration, statistical analysis of the SEM images shows 
that the measured lattice period a is 525 nm, radius r is 0.375a and slot width s is 105 












Figure 3.1 | a, 50 MHz JEOL JBX-6300FS system at Brookhaven National Lab. b, 
































Figure 3.2 | a, SEM image of the fabricated sample. b, Optical microscope image 
showing the fiber taper loop loaded on the right side of the cavity. c, Simplified 
scheme of the measurements. d, Normalized optical transmission by laser scanning 
showing two cavity modes. The inset below the fundamental optical mode shows its 
electrical-field energy distribution. e, Red curve shows RF PSD at a blue detuning for 
the frequency range from 20 MHz to 250 MHz. The first three major peaks are related to 
the fundamental differential in-plane mechanical mode. The last major peak shows a 
high-order differential in-plane mechanical mode. FEM simulated frequencies matches 
the measured ones well. The displacement field distributions for these two modes are 
shown as insets on top of their RF peaks. The blue curve shows the measurement 





3.3  Experimental setup 
The simplified measurement scheme is shown in Fig. 3 . 2 (c). The light source is a 
high performance tunable laser (Santec TSL510 Type C,  λ = 1500−1630 nm). The 
polarization state of the input light is optimized by using a polarization controller 
(PC). The device under test (DUT) is probed by a single-mode fiber taper with a 
single loop created at its thinnest region. The diameter of the loop is around 70 µm. 
To tune the coupling strength, the lateral taper-cavity distance is adjusted gradually 
with a step resolution of 25 nm. The looped fiber taper is then loaded on one side of 
the device as shown in Fig. 3.2(b). It is necessary to anchor the taper to the device to 
avoid fiber-taper oscillations due to the optical force when the laser wavelength is 
swept across the optical resonances. The optical transmission is monitored by a fast 
detector (New Focus Model 1811) and a slow detector simultaneously. The radio-
frequency (RF) signal from another fast detector (New Focus Model 1611-AC) is 
analyzed by a power spectrum analyzer (PSA, Agilent E4440A) and an 
oscilloscope. The phase noise of the optomechanical oscillator is measured by a 
phase noise analyzer (Agilent E5052B), which employs the cross-correlation 
technique.  
The tapered fiber stretching setup is as shown in Fig. 3.3(a). Single mode tapered 
fibers are home made by using the hydrogen flame on the setup. A one-meter long 
Corning SMF-28e single mode optical fiber is used. The ends of the fiber are cleaved 
and inserted into bare fiber connectors, which are then connected to an ASE laser and 




optical transmission of the fiber changes when stretching. The fiber is then clamped 
down onto the stages. The stages are attached to two linear motors that are controlled by 
a Newport motion controller. The hydrogen flow is detected by a flow meter. The flow 
can be adjusted to a fixed value to keep the flame size of about 2-3 mm and the 
temperature of 2100 °C at its outer zone. In the middle of the 1-m fiber, the cladding is 
striped off for about 1.5 cm and the core is exposed and is placed in the outer zone of 
the flame. While the silica is melting, the linear motors slowly stretch on two ends of 
the fiber. An imaging system is employed to observe the diameter of the core. The 
transmission of the fiber will become a sinusoidal function when stretching because 
multi mode waves will transmit through the fiber. The stop point is determined by the 
transmission spectrum when it becomes a flat line again, which means the fiber is a 
single mode fiber. The diameter of the core of the fiber has decreased from 9 µm to 
approximately 1 µm. A good quality of the tapered fiber can have a transmission 
decrease of only -10 dB.  
Unlike coupling light into a micro-ring or micro-disk that the tapered fiber can 
keep straight and be placed parallel to the resonator, it is harder to couple light into a 
resonator with a plane configuration, such as a 2D PhC cavity, using the tapered fiber. 
Usually, we will make a dimple at the tapered section. The Fig. 3.3(b) shows the setup 
that we used to make dimples. The tapered fiber is bent and then adhesive to a fiber 
mount. Another hydrogen torch is used to heat up the tip of a stripped fiber. The tip is 
on top of the fiber taper. While lifting up the tapered fiber, the heated fiber tip will press 




a dimple at the tapered section, which makes it easier to couple light into the PhC 


















3.4 Optomechanical coupling 
Fig. 3.2(d) shows the optical transmission measurement with two cavity modes 
examined. The high-order mode is a relatively delocalized mode at 1575.49 nm. The 
fundamental mode with resonant wavelength of 1587.645 nm is the expected high-Q 
mode based on the mode-gap effect. The measured loaded quality factor Qtot is 
32,900 and the intrinsic quality factor Qint is 42,000. A three-dimensional finite-
difference time-domain (FDTD) simulation [19], with the refractive index of silicon 
nsi = 3.4, shows that the resonant wavelength for this mode is about 1584.95 nm, 
which matches our measurement very well. The theoretical intrinsic optical quality 
factor is higher than 1.3×106. The measured Qint is much less than the theoretical 
Q, and is limited by the fabrication quality and surface-state absorption [16]. The 
optical mode volume is about 0.051(l/nair)3. The electrical field intensity of the cavity 
mode is also shown in Fig. 3.2(d). The maximum field intensity is located at the 
cavity center in the air slot. Due to its field distribution feature, the fundamental 
optical mode is well coupled with the selected differential in-plane mechanical modes, 
which will be shown later. Fig. 3.2(e) shows the measured RF power spectrum density 
(PSD) with incident power of 81 mW at the blue detuning of the fundamental optical 
mode. The resolution bandwidth is 10 kHz. Four major peaks are shown with 
frequencies of 65.68 MHz, 131.22 MHz, 196.93 MHz and 225.97 MHz. The first 
peak clearly indicates the fundamental mechanical mode, while the second and third 




harmonics reflect the nonlinear optomechanical transduction from the 
Lorentzian optical lineshape. The mechanical modes are identified by using the 
finite-element method (FEM). In the frequency range up to 320 MHz, over sixty 
mechanical modes are obtained which are classified into three kinds: in-plane, out-
of-plane and twisting modes. Each kind is composed by mode pairs of differential and 
common motions. The mechanical modes detected by the optical method are the 
modes with relatively large coupling with the optical mode. The optomechanical 
coupling rates gom = dwo/dx are inversely proportional to the optomechanical 
coupling lengths. For the Fabry–Pérot cavity, gom is easily determined by the cavity 
length. For complex cavity geometries such as the one examined here, gom is 
derived by using a perturbation theory for Maxwell’s equations with shifting 
material boundaries and calculated with the non-perturbed optical and mechanical 
fields [20, 21]. For the slot-type cavity here, the resonant optical frequency is 
strongly dependent on the slot width. Thus, the differential in-plane mechanical 
modes with relatively larger displacements at the cavity center have larger 
optomechanical coupling rates. As is expected, two of these modes are founded at 
frequencies 64.82 MHz and 231.41 MHz, which match very well with the 
experimentally observed major peaks. These two in-plane mechanical modes exhibit 
modeled optomechanical coupling rates of gom/2π = 564 GHz/nm and 393 GHz/nm 
respectively, which are at least fifty times larger than the other mechanical 
modes. Their displacement fields are shown in Fig. 3.2(e).  The fundamental 




effective mechanical volume of 2.62 mm3. The vacuum optomechanical coupling rate 
g*/2π is 2.59 MHz which is large even for photonic crystal structures. In above 
simulations, density of silicon is 2.329×103 kg/m3. Poisson’s ratio is 0.28, and 









Figure 3 . 4 | a, Normalized optical transmission versus wavelength for increasing 
incident powers. Black dots for an incident power of 5.1 mW, black curves for 32.2 
mW, 64.9 mW, 102.6 mW, 128.2 mW, and 162.2 mW respectively. The red curve is 
the fitted curve which gives a total quality factor Qtot = 32,900 and an intrinsic quality 
factor Qint = 42,000 under a low incident power. For higher incident powers, the 
red-shifted sharp edges indicate the thermal optical bistability. b, Example RF 
PSD by sweeping the laser wavelength. c, Mechanical frequency and linewidth 
versus incident power at the optimal detuning for the optical spring effect. d, RF 
PSD for points P1 and P2 indicated in panel c. The dots are the experimental values 




The fundamental differential in-plane mechanical mode is selected for 
studying the optomechanical dynamics. Fig. 3 .4(a) shows the optical transmission 
by the slow detector under different incident powers. As the power increases from 
5.1 mW to 162.2 mW, the optical bistability arises mainly due to the two-photon 
absorption (TPA) [3]. The optical modification of the Brownian mechanical vibrations 
is measured by sweeping the incident wavelength across the resonance. As an 
example, Fig. 3 .4(b) shows the obtained two-dimensional (2D) map of the RF PSD 
with the incident optical power of 51 mW. The wavelength is tuned with a 1 pm step. 
The RF PSD is given at each step. The blue detuning side and the red detuning side 
are separated by the zero-detuning line, where the RF signal is modulated in phase 
rather than in amplitude. The optical spring effect is shown with obvious increased 
mechanical frequency at the blue detuning side for this 65 MHz resonator. In the 
measurements, an incident power as low as 5.1 mW is able to introduce an observable 
mechanical frequency change due to the optical force. The 2D RF PSDs are 
analyzed and summarized for different incident powers in Fig. 3.4(c). The linewidth 
and frequency are extracted for the detuning with maximized optical spring effect. For 
powers more than 32.2 mW, there are bends on the curves for the red side detuning 
due to the difficulty of setting the laser wavelength to the theoretical optimal 
detuning. Using a linear fit of the non- bended parts of the curves, it is obtained that 
the intrinsic mechanical frequency ωm/2π is 64.99 MHz and the cold cavity 
mechanical quality factor Qm is 367. Furthermore, the experimental optomechanical 




vacuum optomechanical coupling rate of g*/2π = 707.2 kHz. The discrepancy 
between the modeled and experimental optomechanical coupling rates is believed to 
be due to the coupling with the adjacent flexural mechanical modes [16]. Fig. 3.4(d) 
shows the measured and fitted RF PSDs for a red detuning point (P1) and a blue 
detuning point (P2) as indicated in Fig. 3.4(c). For P1, the mechanical frequency 
decreases by 345 kHz, and the Brownian motion of this mechanical mode 
dampens with an effective Qm of 282.4. On the contrary, for P2 the mechanical 
frequency increases by 730 kHz, and the Brownian motion is amplified with a Qm of 
1358.3. The above observations show that the picogram slot-type cavity has a large 
optomechanical coupling rate which is of key importance for optomechanical 
studies. In addition, the mechanical frequencies for devices with different lengths 






Figure 3 . 5  | a, Normalized optical transmission for an input power of 510 mW by 
sweeping laser wavelength across the optical resonance. Strong oscillations are 
shown by the blue curve, overlaid with the red low-pass-filtered signal. b, Power 
spectrum density of the transmission oscillations for different incident powers (510 
mW and 1.3 mW) and wavelengths (1587.65 nm and 1587.81 nm). The reference 
bandwidth is 100 kHz. c, Transmission oscillations overlaid with modeled 
oscillations (Red curves) in time domain for incident power of 510 mW as used in (a). 
The incident wavelengths are varying from 1587.65 nm (the top panel) to 1587.81 nm 
(the bottom curve). The blue dashed curves show the corresponding real-time 




With a proper high input power, the optomechanical cavity starts to oscillate 
periodically when the intrinsic mechanical energy dissipation is overcome by the 
optical amplification. Fig. 3.5(a) shows the optical transmission for an input power of 
520 mW by use of an oscilloscope. The blue line is obtained by the fast detector (New 
Focus Model 1811), and the red curve is obtained by using a low-pass filter with a 
cutoff frequency of 1.9MHz. The optically-driven oscillations rise suddenly near the 
wavelength 1587.65 nm which indicates the above-threshold behavior [23]. The filtered 
signal shows a sudden drop at that wavelength as seen in Fig. 3.5(a). In Fig. 3.4(c), 
the trend of linewidth for the blue detuning indicates a threshold power slightly higher 
than 100 mW with optimized detuning. This is confirmed by a series of swept-
wavelength measurements with different incident powers. In Fig. 3.5(b) and (c), the 
transmission oscillations in frequency and time domains are given by using a low-
noise fast detector with 1 GHz bandwidth (New Focus Model 1611-AC). It is shown 
that the detuning gets smaller, the second harmonic get relatively stronger and a 
second peak is rising in a single oscillation period. It indicates that the resonant 
optical frequency shift induced by optical pump gets comparable to the optical 
resonance linewidth. The effective real-time resonant wavelength is smaller than the 
incident wavelength for a certain time in a period, which is shown by the normalized 
real-time detuning in Fig. 3.5(c). By using a higher incident power, the nonlinearity 
of the optical power oscillations will get stronger due to a larger amplitude of the 
sinusoidal mechanical vibrations. An example with 1.3-mW input power is shown in 




The lineshape and spectrum show the dynamic interactions of the internal optical 
cavity field with the mechanical movement for different detuning and incident 







Figure 3.6 | Example phase noise spectrum of the optomechanical 
oscillations obtained with input power of 1.3 mW. The black curve shows 
experimental data, which is fitted by using a piecewise function. The red line 






With the above-threshold condition satisfied, the optomechanical cavity is 
viewed as a self-sustained close-loop oscillator, which can be utilized as a photonic 
clock. The amplitude noise is suppressed above the threshold due to the inherent 
amplitude-limiting mechanism present in harmonic oscillators [25]. The phase noise in 
the system is measured with phase noise analyzers for high-precision estimation of 
the short-term linewidth and can be explained with Lesson’s model [26]. In this 
model, there is always a 1/f 3  region at small frequency offsets due to 1/f noise. After 
the corner frequency is the 1/f 2 region due to the white frequency noise, which reflects 
the measurement limitations [27]. Here, the phase noise analyzer (Agilent 
E5052B) employs a two-channel cross-correlation technique for accurately analysis 
of the RF signal carried by the transmission light. In Fig. 3.6, the typical phase 
noise versus offset frequency is obtained with an input laser power of 1.3 mW. By 
fitting with a piecewise function following the Lesson’s model, it shows that the 
corner frequency is 25.4 kHz. For offset frequencies less than 25.4 kHz, the 1/f 3 
dependence is predominantly related to relatively slow environmental vibrations. For 
offset frequencies larger than 25.4 kHz, the 1/f 2 dependence is related to intrinsic 
properties of the oscillator. We note that the fitting for the 1/f 2 region shows an 
averaged dependence rather than a well-matched dependence. The averaged 
dependence is possibly due to the noise contamination by coupling to nearby low-Q 
mechanical modes since the feedback loop of optomechanical oscillators is inherent. 




offset point in the 1/f 2 regime, the phase noise of 117 dBc/Hz there corresponds to 
a short-term linewidth of 12.5 Hz. The root-mean-square (RMS) timing jitter 
integrated from 1 kHz to 1 MHz offset frequency is 758 ps with major contributions 
from 1 kHz to 10 kHz. The RMS timing jitter from 10 kHz to 1 MHz is about 81 ps. 
In future experiments, the phase noise performance of the current optomechanical 
oscillator will be improved by further engineering the mechanical Q and taking 
measurements in a more stable environment such as a vacuum chamber. 
 
3.5 Conclusion 
In this chapter, we have experimentally demonstrated the optomechanical behaviors of a 
slot-type high-optical-Q PhC cavity in air at room temperature. The optical and 
mechanical simulations match the experiments well. The optomechanical coupling rate 
between the selected mechanical modes and optical modes is quantified at gom/2π = 154 
GHz/nm. With the large optomechanical coupling, the optical spring effect, optical 
damping and amplification of the mechanical mode are all clearly exhibited. In the above 
threshold regime, time-domain oscillations are observed and the phase noises are 
analyzed. The device is shown to be a promising candidate for studying optomechanical 
dynamics and applications. Further experimental study will focus on improving the 
optical Q by optimizing the fabrication process and the mechanical Qm by modifying the 
anchor geometry [28, 29]. The measured mechanical frequency is widely tunable by 




more challenging tasks such as side-band resolved cooling of the mechanical modes and 
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Chapter 4  
 




















4.1  Introduction  
Recent advances in cold atom interferometry have determined the DC gravitational 
redshift to an accuracy of 7×10-9 [1], improved precision of the Newtonian gravitational 
constant to 1 part in 106 [2], and determined gravity to a sensitivity of 100 ng per shot 
[3]. With interferometric or timed measurements, detection approaching the standard 
quantum limit has been examined recently theoretically and experimentally [4]. Working 
with masses of tens of atoms, however, extreme force sensitivities are required for tens 
of mg/Hz1/2 acceleration resolutions, necessitating unprecedented low-noise laser 
stabilization and atom cooling. Solid-state implementations, through coherent optical 
readout, can provide an alternative platform with significantly more massive resonators 
for DC acceleration detection, with wide applications in navigation, oil exploration, and 
earthquake prediction.  
State-of-the-art solid-state accelerometers can be categorized into the following 
approaches [5-22]: (1) Capacitive sensing with the proof mass on one side of parallel 
plate or sensing	   capacitors. This approach involves compensating and amplification 
circuits to detect minute capacitance changes, and translate them into an amplified 
output voltage. (2) Piezoresistive sensing through mechanical resistive transduction in 
internal stresses of the support spring [23]. (3) Piezoelectric sensing, which provides a 
direct voltage from the displacement field through the material polarizability [24]. (4) 




with feedback control designs [25]. (5) Optical drive, sensing, and readout with coherent 
laser sources through evanescent-field or resonant cavity transduction [5, 6, 26-30]. 
In contrast to prior accelerometers using piezoelectric or capacitance readout 
techniques [31], optical readout provides narrow-linewidth high-sensitivity laser 
detection along with low-noise resonant optomechanical transduction at the standard 
quantum limit. In this chapter, we demonstrate an optomechanical accelerometer with 
DC resolution at 730 ng/Hz1/2 (or equivalently 40.1 aN/Hz1/2), with a transduction 
bandwidth of ≈ 85 kHz, towards gravimetry. Driven into the optomechanical sustained-
oscillation mode, the slot photonic crystal cavity provides a radio-frequency (RF) 
readout of the optically-driven transduction with an enhanced sensitivity of 196 ng per 
Hz of RF shift. Measuring the optomechanically-stiffened oscillation, instead of optical 
transmission shift, provides a 125.1× resolution enhancement over pre-oscillation mode 
detection due to strong optomechanical transduction and readout in the optical domain. 
Our DC acceleration measurements operate at the thermal limit and 3.7× the quantum 
backaction noise, with a 23.5 dB dynamic range, supported by our theory and numerical 
modeling. The solid-state room-temperature silicon DC accelerometer architecture is 
robust for portability and field deployment.  
Recent advances in radiation-pressure driven cavity optomechanics have 
provided new frontiers for laser cooling of mesoscopic systems [32-34], chip-scale stable 
RF sources and filters [35, 36], phonon lasers [37]], induced-transparency through multi-
mode interferences [38, 39], and explorations into potential quantum transductions of 




degrees-of-freedom [42] allows detection of nanomechanical motion [43-45] towards 
force sensing [46], radio wave detection [47], and z-axis accelerometers [48]. This also 
includes recent efforts in AC acceleration through piezoelectric shakers, such as with 
bulk fiber cavities at 100 ng/Hz1/2 resolution [49] or one-dimensional nanobeam chip-
scale cavities at 10 µg/Hz1/2 resolution with lock-in detection [50], and without driving 
into self-regenerative narrow-linewidth oscillation modes. Driven by optically-induced 
gradient force [45], our tight sub-wavelength confinement in photonic crystal cavities 
[51] allows for one of the largest optomechanical transduction coefficient gom/2π [52] 
along with the large motional mass for sensing in gravimetry. 
We also emphasize our approach is through resonant driving (different from AC 
sensing) to measure the DC acceleration. With resonant acceleration sensing, this offers 
the advantages of: (1) high-resolution, (2) large dynamic range, as well as (3) direct (RF) 
frequency readout, compared to static optical or electronic readout sensing approaches. 
 
4.2 Device design and fabrication  
The coherent optomechanical coupling rate g*/2π is obtained through first-order 
perturbation theory and computed through the closed-form integrals of the 
electromagnetic fields and displacement fields of the DC accelerometer including the 
relative permittivities. The optical resonant modes and electromagnetic fields of the 
photonic crystal cavity are obtained from finite-difference time-domain (FDTD) 
simulations through a freely available software package (MEEP). Mechanical 




mode theory on the optical fields and the harmonic oscillator [52] is used to model the 








Figure 4.1 | Optomechanical accelerometer design. a, Modeled transverse-electric 
field distribution of the two resonant optical modes of the slot cavity. b, Modeled 
displacement field of the first six mechanical modes of the accelerometer. The 
fundamental mode of the proof mass, as the first deformation field shown, is used to test 
the acceleration. The resonant frequency is listed below each panel. Modes in color can 
couple to optical mode 1 and are symmetric with respect to the y-axis. From symmetry, 





Cavity optomechanics [53-58] can have resonators with laser red-detuned to cool 
towards or at the quantum mechanical ground state [59-61] or blue-detuned to be driven 
into oscillation mode [62-68], along with coupled states [69], and quantum transduction 
or states [70-73]. In our subset with the slot-type photonic crystal cavity, the optical 
cavity modes are designed with MEEP [74] and mechanical modes are designed with 
COMSOL Multiphysics. The resulting optical and mechanical modes are illustrated in 
Figure 4.1. For an optomechanical system, the coupling rate is defined as gom = dω/dx 
[29, 75]. The spring effect is driven by dynamical backaction, which can be derived from 
coupled equations of motion [76] for the optical and mechanical modes. With a constant 
acceleration signal applied on the proof mass, we add a corresponding signal force in the 
vibration equation:  
The first equation describes the dynamics of the optical field, where 
 
 is the stored 










is the optical field decay rate. For an oscillator, a 






. Thus, the 
displacement can be written as: x = xa + xs, where xa is the solution of the mechanical 
equation without the constant force. For x = xo sin(ΩMt) + xs, the solution of the coupled 









   
where β = gOMxo/ΩM. In our case, detuning Δ (= ωl - ωc) >> ΩM, and we obtain the effective 
frequency as: 
           
Figure 4.2 illustrates the numerical modeling of the optomechanical transduction 
rate change with slot width, as well as the effective optomechanical vibration frequency 
shift (optomechanical stiffening) for slot width changes.  
(3) 













Figure 4.2 | Design of chip-scale DC accelerometer frequency shifts. a, Modeled 
optomechanical coupling rates. Fundamental optical mode coupling with first- (black 
solid squares) and second- (red open circles) allowed mechanical modes, computed for 
the different slot width s. The inset panel is the Ey-field distribution of the slot 
accelerometer. b, Modeled overall RF shift for various sensed slot-cavity gaps s, for 1.33 
fJ (red), 2.88 fJ (blue), and 5.32 fJ (green) intracavity stored energies. c, Zoom-in of RF 






Figure 4.3a illustrates the optomechanical DC accelerometer nanofabricated in a 
silicon-on-insulator (SOI) substrate with a 250 nm thick silicon layer. A slot-type 
photonic crystal cavity with optical gradient force transduction is designed and located at 
the device center, with shifted and perturbed lattice holes [51, 52] to form the localized 
optical resonant modes. The slot cavity features a slot width s of 80 nm, 470 nm 
photonic crystal lattice constant (a), and 150 nm hole radii, with 5 nm (red), 10 nm 
(green) and 15 nm (blue) lattice perturbations, as shown in Figure 4.3b, to form the 
localized cavity mode on a line-defect waveguide with width 1.2×a. The cavity mode 
volume is subwavelength at 0.051(λ/n)3 with the |E|2-distribution illustrated in Figure 
4.3b inset. The large (≈ 120 µm × 150 µm) 5.6 ng proof mass for DC acceleration 
detection has four (1 µm × 50 µm) compliant support beams providing a 63.3 kHz 
fundamental resonance and a 885.8 mN/m combined stiffness, and is attached to one 
side of the slot cavity as shown as section i in Figure 4.3a. The other side (ii) of the slot 
cavity is anchored to the substrate and has the same x-length as the proof mass to reduce 
asymmetric residual stress z-bow between the two sections (i and ii), in order to preserve 
the localized optical resonance mode.  
The DC accelerometers are fabricated with electron-beam nanolithography at 
Brookhaven National Laboratory, on a SOI substrate with 250 nm device thickness on 
top of a 3 µm buried oxide cladding. To prepare the wafer, we use an ultrasonicator and 
O2 plasma to clean the surface of the wafer before spin-casting 100% ZEP 520A resist 
on it. Proximity error correction with LayoutBEAMER allows the nanopatterning of the 




photonic crystal nanocavities. The nanocavities are then written with the 50 MHz JEOL 
JBX-6300FS system at 100 keV, with rigorously optimized base dose of 280 µC/cm2. 
Numerous variants of the “self-consistent dose correction” are applied to correct 
proximity effect. The nanopattern is developed in xylene for 90 seconds. The resulting 
pattern is then transferred into the silicon device layer through inductively-coupled 
plasma dry-etching at a rate of 20 nm/s. The ebeam resist is removed via Microposit 
solvent 1165 at 90°C and the large-membrane nanocavities air-bridged via wet-etching 
the underlying oxide in 5:1 buffered-oxide etchant for 17 minutes. The samples are 







Figure 4.3 | A chip-sale optomechanical DC accelerometer through optical readout. 
a, Scanning electron micrographs (SEMs) of DC accelerometer nanofabricated in 
silicon-on-insulator (250 nm device layer) with a 5.6 ng proof mass and co-designed 
slot-type photonic crystal cavity with a 80 nm slot width s. The fundamental mechanical 
resonance is designed around 60 to 85 kHz, above most of the ambient, acoustic and 
seismic vibrational noise frequencies. Section i (in cyan) is the moving mass and section 




photonic crystal cavity, with the dashed white box expanded in panel b. b, Colored 
arrows denote the 5 nm (red), 10 nm (green) and 15 nm (blue) photonic crystal lattice 
perturbations to form the slot-localized resonance modes with 0.051(λ/n)3 mode volumes. 
Inset: computed |E|2-distribution for the designed nanocavity. Scale bar: 2 µm. c, Optical 
transmission spectra of the DC accelerometer, with increasing drive and readout powers  
(57 µW to 664 µW) including observations of self-induced regenerative oscillations with 




4.3 Optomechanical coupling  
We mount the tapered fiber and optomechanical DC accelerometer on a controlled 
Aerotech ADRS-200 rotary stage to impart the true acceleration onto the chip. This high-
torque rotary stage is driven by a brushless servomotor and equipped with direct 
coupled, high-accuracy rotary encoders. With the Soloist digital scope control, the 
control filter parameters are set at the optimal gain values (position loop gain kpos = 10, 
integral gain ki = 500, and proportional gain kp = 105,000) to drive the acceleration to the 
set values promptly without overtone ringing, with our low rotational velocities and 
large measurement setup load. The 5-axis Attocube positioners in a Janis ST-500 
chamber is mounted 21.60 ± 0.01 cm from the rotational center for the centrifugal force. 
A dimpled tapered fiber with more than 90% transmission is coupled to the DC 
accelerometer, with a flange fiber-through into the sealed chamber, by anchoring the 
fiber dimple directly on the chip surface and on side ii (see Figure 4.3b) of the 
optomechanical slot cavity. The optical resonance intensity is monitored to ensure that 
the transmission and coupling are maintained rigorously during the slow rotation. The 
optical drive and readout is performed with a tunable laser diode (Santec TSL-510) and 
polarization control, along with photodetector readout of the RF and optical spectra 
simultaneously. A high-resolution commercial accelerometer is placed on the opposite 
side of the rotating stage but, at our low acceleration levels, is always in the noise floor. 
We note that a polarization maintaining fiber is designed and employed to maintain the 
stable drive polarization while the stage is rotating.  




nanopositioning stages and tapered fiber are placed inside a customized Janis ST-500 
cryostat. Measured devices are placed under the vacuum chamber-imaging window, 
which allows us to control the tapered fiber coupling to the device. The 5-axis Attocube 
positioners translate the devices over a 5 mm travel range with sub-nanometer scanning 
resolution in fine-positioning mode. The prepared tapered fibers have a transmission of 
90%. It is connected with the drive laser and detector outside the vacuum chamber 
through Teflon fiber feedthroughs. An Edwards T-Station 75 turbopump is used to 
evacuate the chamber to high vacuum. The pumping station consists with an E2M1.5 
backing pump and a XDD1 turbo pump, allowing the chamber to reach 10-7 mbar 
vacuum.  
Probed by a dimpled tapered fiber anchored to side ii of the optomechanical 
cavity, Figure 1c shows the measured optical transmission spectra under different drive 
powers. Under low-drive power (57 µW), the loaded cavity quality factor Qo is measured 
at ≈ 4,350 (intrinsic cavity Qin at ≈ 13,200). With increasing drive power, thermal 
nonlinearity broadens the cavity lineshape into Fano-like resonances. With pump powers 
greater than 477 µW, the optomechanical cavity is driven into self-induced regenerative 
oscillations [36] – with significantly narrower RF linewidth and the signature spectral 
fluctuations (shown in red of Figure 4.3c). On the 63.3 kHz RF resonance, the oscillator 






Figure 4.4 | DC accelerometer transduction and enhanced sensitivity in the RF 
domain. a, Optical gradient force backaction transduction into the RF power spectral 
density. The RF resonances at 63.3 kHz, 2.95 MHz, and 4.10 MHz represent the first 
three coupled modes respectively, along with the modelled displacement profiles in the 
inset. Qm is 1,658 and the measurement resolution bandwidth is 1 Hz. The equivalent 
displacement sensitivity is shown on the right y-axis. b, 2D map of the transduction and 
optomechanical spring effect in the DC accelerometer. The wavelength resolution is 2 
pm on a 1552.833 nm optical resonance, at 370 µW input power. The dashed lines show 
the numerical modeling of the backaction transduction for different laser-cavity 
detunings, with the green middle line at 370 µW input and the others at 550 µW , 640 




RF tracking and simultaneous optical power monitoring. Optical drive and readout is 








Figure 4.4a shows an example RF spectrum simultaneously monitored with the optical 
transmission with dual photodetectors, illustrating the fundamental mechanical 
resonance and higher-order 2.95 MHz and 4.10 MHz excited modes (corresponding 
modelled displacement field profiles shown in inset). The proof mass displacement is 
described by x(ω) = (m2 - ω2 + iωωm/Qm)-1 a(ω) = χ(ω) a(ω) when subjected to an 
external acceleration a(ω). In the low frequency regime (ω << ωm), χ(ω) ≈ 1/m2 for an 
accelerometer bandwidth ωm of 63.3 kHz. The right y-axis of Figure 4.4a shows the 
corresponding power spectral density in displacement noise units, reaching displacement 
resolutions of 10 to 100 fm/Hz1/2 on resonance.  
In the slot-type optomechanical cavity, resonant enhancement of the pump-laser 
optical gradient force yields strong backaction and, with the deeply sub-wavelength 
confinement, the optomechanical stiffening and optical-RF resonance spectra of the 
cavity are strongly dependent on the slot width s [26]. In the presence of a (+y direction) 
acceleration the two side-membranes of the slot cavity displace differentially, decreasing 
the slot width s. Consequently, the optomechanical stiffening increases with a resulting 
modified (and increased) RF frequency resonance Ω’m  described by:  
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where𝑓𝑚′ (𝑓𝑚) is the shifted (unperturbed) resonance frequency, |a|2 the averaged 
intracavity photon energy, gom the optomechanical coupling rate, mx the effective mass, 











Δ0 =ω l −ωc and 
€ 
Δ2 = Δ0
2 + Γ/ 2( )2 , which enhances the minimal 
displacement resolution detection.  
Figure 4.4b next illustrates the measured 2D RF spectra, in a static (non-
acceleration) frame for the test case with a swept pump wavelength. In this device 
characterization, the optical resonance is 1552.83 nm at 370 µW incident power with a 
1.33 fJ optical intracavity energy. The modeled mechanical frequency for different 
detunings [equation (4)] is also superimposed on the 2D measurement. From the 
measurement-model correspondence, we obtain the optomechanical coupling rate gom/2π 
= 37.1 GHz/nm, with a vacuum optomechanical coupling rate g*/2π = 345 kHz. Pre-
oscillation, the measured vacuum mechanical quality factor Qm is ≈ 1,658 and largely 
bounded by the large mass and anchor losses. Driven into oscillation mode, the 
measured linewidth is bounded by the resolution-bandwidth [77]. We observe that the 
RF resonance has a strong optical resonance dependence from 1552.81 nm to 1552.88 
nm (or equivalently, the slot width s), with a mechanical resonance frequency shift Δfm 
of 450 Hz over an externally-driven 70 pm wavelength detuning. We note that the 
measured gom/2π is smaller than theoretically predicted due to height asymmetries of the 
released masses (of sections i and ii in Figure 1a), lowering the optomechanical 
transduction from designed values. With increased injected optical power, the RF shift is 
larger due to the stronger optical gradient force. 
Figure 4.5 illustrates the measured 2D RF spectra with different laser 




accelerometer. Four sets of complete results are measured with incident powers of 94.8 
µW, 301 µW, 476 µW, and 754 µW respectively. From the 2D RF maps, we also fit the 
mechanical frequency shift as a function of laser-cavity detuning Δ; this fitting indicates 









Figure 4.5 | Measured 2D RF spectra for different input powers. The mechanical 
sensing frequency and linewidth changes with detuning (Δ) is illustrated for different 
input powers of (a) 94.8 µW, (b) 301 µW, (c) 476 µW, and (d) 754 µW. The optical 
cavity linewidth is 350 pm or a cavity decay rate Γ of 43 GHz. When the detuning is 
large or the input power is lower than -5 dBm, RF spectrum represents the 
eigenfrequency of the proof mass at 63.3 kHz. With increased input pump power, the 
optomechanical damping and spring effects are observed. From these measurements, the 




4.4  Acceleration sensing demonstration 
Next we fix the drive wavelength and drive power (with laser instabilities less than ± 
166 fm and ± 0.01-dB in 10-minutes) and examined the RF shift Δfm under DC 
acceleration. To impart the DC acceleration, we mounted the device and vacuum setup 
onto a high-torque (Aerotech ADRS-200) rotary stage, as shown in Figure 4.4c. With 
optimized digital control and drive filter parameters (detailed in Methods), the stage 
provides a noise-equivalent input DC acceleration precision (in the +y axis direction) 
down to ~ 20 ng. Figure 4.6a shows the measured backaction RF transduction in the pre-
oscillation mode at 370 µW drive powers (fm is ≈ 72 kHz in this measurement), from 6.7 
µg to 1314.3 µg DC acceleration. Examining the Lorentzian RF lineshapes over the first 
40 spectra (up to 154.8 µg), the RF frequency is observed to decrease by 48 Hz on-
average over the measurement range, equivalent to a sensitivity S of 2.31 ± 0.32 µg/Hz 
(or a scale factor of 432.9 kHz/g). The uncertainty in the sensitivity S is determined from 





Figure 4.6 | DC acceleration signal detection. a, Backaction RF transduction at 370 
µW drive powers under different accelerations, from 6.7 µg to 154.8 µg. Accelerations 
applied on the device pointing outwards from rotation center. Mechanical RF frequency 
decreases by 146 Hz. Each curve is offset by 2 dBm along y-axis for illustration. The 
overall fit to the detection sensitivity is at 2.31 µg/Hz. The resolution R is determined 
from R = 14.5 µg/Hz1/2, pre-oscillation. b, DC accelerometer driven into self-sustained 
oscillation mode, with optical drive power exceeding the intrinsic mechanical damping, 




mode at 85.3 kHz in this device, with the sidebands arising from coupling to out-of-
plane modes. c, Tracked RF spectra of oscillation-mode DC acceleration sensing at ≈ 
500 µW drive powers. Accelerations applied are from 6.5 µg to 26.3 µg pointing 
outwards from rotation center, with device mounted with reduction of slot width s. 
Mechanical resonance frequency increases by ≈ 98 Hz. Each curve is offset by 3 dBm 
along the power spectra for visual clarity. Inset: comparison RF spectra under 6.53, 
14.68 and 26.34 µg (from left to right) respectively. d, RF resonance of the backaction 
transduction in oscillation-driven mode under different accelerations. Solid red line is the 
overall fit of the sensitivity S at 196.3 ng/Hz (shaded grey region represents the least-
squares regression estimate at 95% confidence interval). The resolution is determined 




We consider the error from misalignment between the device mounting and the 
acceleration direction. If there is an error angle θ between the device mounting and 
acceleration direction, the acceleration error is 
€ 
Δa = a − a ' = 1 − cosθ( )a . Therefore, 
even if there is a ± 5° misalignment, the error in the acceleration estimate Δa/a would 
only be (1 - cos5°) or equivalently a ± 0.38% fixed (and consistent) offset in the 
imparted DC acceleration in the measurement. Figure 4.7 also shows the 2D RF spectra 
with the device mounted in the 180° direction opposite from Figure 4.6a (i.e. 
acceleration in the –y axis direction). The imparted DC acceleration ranges from 6.5 µg 
to 122.1 µg. The observed RF shift is estimated ≈ +120 Hz, through a numerical fit to the 







     
   
  
 
Figure 4.7 | Backaction RF transduction with device mounted in 180° direction 
without the oscillation mode, for acceleration in the -y direction. Imparted 
acceleration from 6.5 µg to 122.1 µg, with a corresponding RF shift of ≈ +120 Hz. The 




With the accelerometer resolution R defined as  [78] where tmeas is the 
measurement time, we determined the minimal detectable RF shift based on thermal 
noise fluctuations, δωthermal, from the displacement noise spectra (Figure 4.4a). From the 
measured displacement noise spectra we obtain δωthermal/2π as 19.9 Hz in 0.1 second 
integration and on-resonance. This corresponds to a DC acceleration resolution R of 91.3 
µg/Hz1/2, in pre-oscillation mode. We note that only the first 40 RF spectra (up to 154.8 
µg) are used in the analysis to be well-within the linear dynamic range. We also 
measured other DC accelerometers with similar geometry but with the device mounted 
180° opposite from Figure 4.6a (i.e. acceleration in the –y axis direction); the RF 
frequency shift is observed in opposite direction under the same acceleration ranges. 
 
4.5 Oscillation mode 
4.5.1 Acceleration sensing in oscillation mode  
We next drive the 5.6 ng DC accelerometer into oscillation mode as shown in Figure 
4.6b, 4.6c and 4.6d, with drive powers above ≈ 477 µW. From the nonlinear 
optomechanical transduction, high-order harmonics (up to the 30th harmonic) of the 
fundamental resonance are observed above threshold [36], with two example spectra 
shown in the top insets of Figure 4.6b. In this device, the fundamental oscillation 
frequency is at 85.3 kHz (on another device), with the sidebands arising from coupling to 
out-of-plane modes. Note the ≈ 70-dB intensity peak-to-noise floor when in the self-




oscillation) mode. Figure 4.6c illustrates the tracked RF resonance shift under 6.53 µg to 
26.34 µg DC acceleration, under ≈ 500 µW intracavity drive powers. We note the sizably 
larger RF shift at ≈ 98 Hz, compared to the pre-oscillation regime, even when measured 
over ≈ 50× smaller acceleration ranges (compared to Figure 4.6a). The inset of Figure 
4.6c illustrates the spectra comparison (left to right) under 6.53, 14.68 and 26.34 µg 
respectively. To characterize the oscillator, we also measured the single-sideband phase 
noise which shows a -102-dBc/Hz noise floor at 10 kHz frequency offset from carrier.  
Figure 4.6d summarizes the oscillator-mode DC acceleration measurement data 
over 102 datapoints, with the datapoints obtained from Lorentzian RF spectral peak. The 
fitted RF shift dependence shows a detection sensitivity S of 196.3 ± 4.6 ng/Hz (or 
equivalently, 5.02 ± 0.12 MHz/g). The improved sensitivity is due to the larger 
optomechanical stiffening at higher drive powers [|a|2 in equation (1)], and matches our 
numerical modeling prediction of 140.3 ng/Hz. The DC accelerometer resolution is 
determined from the single-sideband phase noise Sφ and its corresponding frequency 
noise density Sf [78]. In the frequency range below 100 Hz, the frequency noise density 
can be up to ≈ 3.7 Hz/Hz1/2 (from external noise; before reaching a minimum of 70 
mHz/Hz1/2 at 2.9 kHz offset). With the measured oscillator sensitivity of 196.3 ng/Hz, 
this corresponds to a measured DC acceleration noise density of ≈ 730 ng/Hz1/2 when 
close to DC, ≈ 125.1× better than the pre-oscillation resonant mode. In addition to the ± 
4.6 ng/Hz sensitivity regression estimate, the one standard deviation of the frequency 
shift fluctuations δf is also analyzed to be 9.78 Hz for 0.1 second integration, as also 




oscillator DC acceleration resolution R of 606.2 ng/Hz1/2. In oscillation mode, we also 
note the narrow (deeply sub-Hz) full-width half-maximum and large peak-to-noise floor 
ratio allows a minimal distinguishable RF shift (between two overlapping Lorentzian 
lineshapes) δfmin_detect much smaller than pre-oscillation δfthermal.  
 
4.5.2 Self-induced regenerative of oscillation modes  
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,	   where κex is 
the optical cavity coupling rate and κ the total loss rate. With our experimental 
parameters, the theoretical threshold is ≈ 400 µW for a g*/2π of 325 kHz (gom/2π) = 34.9 
GHz/nm. When the input power is higher than parametric oscillation threshold, the proof 
mass will oscillate with its self-induced regenerative oscillation mode. We have 
observed up to 30th harmonic mode as shown in Figure 4.6b of the main text, with pump 
powers at ≈ 500 µW. The number of harmonic modes measured is bounded by the 
incident power and the detector bandwidth. Phase noise is a characterization of the 
oscillator [67] and Figure 4.8a illustrates the single sideband phase noise in the 
oscillator-mode DC accelerometer measured with an E5052 phase noise analyzer, 
following the Leeson model characteristics. Fitted with piecewise functions, the resulting 
corner frequency is 3.8 kHz and a 1/f 3 region is observed at ~ 100 Hz to 1 kHz offsets. 
After the corner frequency the 1/f 2 region arises from white frequency noise. At 10 kHz 




oscillator. Also, as shown in Figure 4.8b, we examine how the fundamental mode 
evolves with laser wavelength from 1553.5 nm to 1555.5 nm under input laser power of 
1.6 mW, much higher than the oscillation threshold, with new harmonics appearing at 







Figure 4.8 | Oscillation mode characteristics of optomechanical DC accelerometer.  
a, Phase noise measurement of the oscillation mode. The blue curve shows experimental 
data, which is fitted by using a piecewise function. The black lines indicate the 1/f 3 
dependence and the 1/f 2 dependence. b, Evolution of the fundamental mode RF 






4.6  Specifications 
Even in pre-oscillation mode, we emphasize that the detectable 3.05 Hz RF shift is 
equivalent to a 467 fm wavelength perturbation in the optical cavity resonance – this is 
difficult to resolve in the optical transmission spectra with optical spectrum analyzers 
and, if optical interferometers are used, requires good phase stability in the moving 
environment. Furthermore, we note that the observed oscillation acceleration sensitivity 
(730 ng/Hz1/2) corresponds to the force detection – through the optical drive and RF 
readout – of 40.1 aN/Hz1/2. In our measurements, for maximal sensitivity to the external 
DC acceleration, we tune the drive and readout laser wavelength to the slot-cavity 
resonance. In our measurements, the cavity slot direction is aligned perpendicular to the 
rotation radius, allowing the imparted centrifugal force to be in the y-direction onto the 
proof mass (the alignment error is negligible and, even for a ± 5° error, contributes only 
a ± 0.38% fixed offset in the imparted force measurement). Furthermore, we note that 
the estimated instabilities of drive wavelength (± 166 fm) over 10-minutes contribute to 
only a ± 5% uncertainty in the DC acceleration resolution; for long-term measurements 
this uncertainty can be readily improved with more stable drive lasers. We also note that 
the coupled intracavity power is monitored to account for any coupling drifts or power 
fluctuations in the rotation measurements, and a polarization-maintaining tapered fiber 
serves as the input/output coupling fiber through vacuum chamber to avoid any 
polarization shifts during the imparted rotation and acceleration. In addition, we 




sensing has negligible zero-offset error (in contrast to other resistive or piezoresistive 
LC-circuit resonant accelerometers) since the readout is always based on the relatively-
insensitive mechanical eigenfrequency. 
Without optomechanical stiffening, the accelerometer resolution, or the noise 
equivalent acceleration (NEA), is solely represented by the mechanical domain 





. With the large mass oscillator and high drive powers, the measured 
oscillator linewidth is consistently determined to be instrument-limited at the 50 mHz or 
less (analyzer resolution bandwidth). From the measured single sideband phase noise or 
the derived oscillator displacement through optical intensity modulation [35], the 
converted intrinsic linewidth is estimated between 2 to 5 mHz (at 1.5 kHz to 9 kHz 
offset). This corresponds to be theoretical thermally-limited oscillator DC acceleration at 
≈ 700 ng/Hz1/2, supporting that our resolution and sensitivity measurements are close to, 
or at, the thermal limit. Optical noise arising from quantum backaction noise aBA can 
contribute to the noise [50]. In our oscillator design and implementation parameters, the 
resulting aBA limit is estimated at 200 ng/Hz1/2. We note that, with this RF transduction 
readout approach instead of solely the optical intensity transmission readout, optical shot 
noise and photodetector shot noise do not contribute significantly to the fundamental 
limit in our readout scheme, allowing our measured acceleration resolutions (between 





Figure 4.9 shows the resulting measured frequency shift Δfm over linewidth ratio, 
comparing the oscillation and pre-oscillation resonant modes. Note the ≈ 16× oscillation 
sensitivity enhancement is only bounded by the instrumentation resolution-bandwidth of 
the oscillator linewidth. Our single model for both resonant and oscillation mode 
frequency shifts are shown in the dashed lines and match our measurements over four 
orders-of-magnitude. The remaining deviations of the modeled sensitivity from the 
measurements likely arise from a residual ≈ 25% over-estimate in the optical resonance 
shift per displacement in the finite-difference time-domain simulations. Figure 4.9b 
summarizes the DC detection resolution versus bandwidth (or linewidth), over four 
independent devices. To support the accelerometer demonstration, we determine the 
linear dynamic range experimentally from the 1 dB compression point (20% deviation 
from linear dependence) as 23.5 dB, which compares well with the ≈ 24.8 dB in theory. 
The linearity deviation arises primarily from the nonlinear dependence of the optical 
resonance on the slot width s. In addition, to further improve the sensitivity and 
resolution, self-reference noise cancellation [79] or thermal stabilization through 
















Figure 4.9 | Oscillation mode sensitivity enhancement and dynamic range. a, 
Detection at the µg/Hz1/2 and lower levels. The frequency shift-over-linewidth ratio is 
increased to more than 104 in oscillation-driven mode, compared to ~1 in non-oscillation 
resonant mode detection, and bounded only by the instrumentation resolution bandwidth. 
Dashed lines are the theoretical model while the solid lines are the data best-fits. b, 
Summary of resolution versus optomechanical cavity linewidth. 4 independent devices 
are measured in this panel, with one repeated device for different pump conditions. Inset: 







In addition, the effects of pump laser wavelength instability and coupled 
intracavity energy instability can be considered through equation (1) of the main text. 
The tunable Santec laser (TSL-510C) has specified wavelength and power instabilities of 
less than ± 166 fm and ± 0.0016 dB in 10-minutes, without feedback [30] control. The 
wavelength instabilities translate into a ± 5% uncertainties for the measured acceleration. 
The low optical Q (and relatively large optical linewidth of ≈ 1 nm) reduces the 
sensitivity to pump wavelength fluctuations, although wavelength feedback locking to an 
external frequency reference can further drive down this uncertainty. The ± 0.01-dB 
power instability is negligible in the RF readout.  
 
4.6.1 DC accelerometer sensitivity  
The proof mass supported with thin tethers acts as an oscillator. The sensitivity of a 
resonant accelerometer is defined as frequency shift responding to unit acceleration 




x(ω ) /a(ω ) = χ(ω ) = ωm
2 −ω 2 + iωωm /Qm
−1
. The 
oscillator operates at its resonant frequency ωm. Therefore, 
€ 
x(ω ) /a(ω ) = χ(ω ) =Qm /ωm
2 =104 fm /µg  The cavity resonance frequency is a 
function of slot width x, which is used to detect the position of the proof mass. Fitting 
the photonic crystal slot cavity simulation results, we obtain optical resonance frequency 
ω dependence as  , where x represents slot width in units of nm. Resonator frequency 




curve slope at zero detuning, which is Δf / Δλ = 450 Hz / 70 pm for pre-oscillation mode 
and Δf / Δλ = 2,640 Hz / 43 pm for oscillation mode. Therefore, the sensitivity of the 
accelerometer is Δf / Δa = (Δf / Δλ)⋅(Δλ / Δx) ⋅ (|x(ωm)| / a(ωm)) = 776 kHz/g (or 1.26 
µg/Hz) in pre-oscillation mode and 7.13 MHz/g (or 140.3 ng/Hz) in oscillation mode.  
 
4.6.2 DC accelerometer resolution  
The DC accelerometer resolution is defined by its noise equivalent acceleration. This 
noise comes primarily from thermal Brownian motion. Displacement noise from thermal 
Brownian motion at DC is: 
€ 
x = Sxx
th = χ(0) Saa
th = ath /ωm
2 = 210 fm / Hz  Noise from 





, derived from the equipartition theorem. With the large 5.6 ng mass, the 
oscillator demonstrates a linewidth consistently limited only by the resolution bandwidth 
of the spectrum analyzer (50 mHz or less; or an equivalent mechanical Qm in excess of 
1.7×106). From the measured single sideband phase noise, the derived intrinsic linewidth 
is estimated between 2 to 5 mHz. For the oscillator ωm/2π at 85.3 kHz, this gives a 
thermal-noise limited acceleration resolution at ≈ 700 ng/Hz1/2.  
Optical noise arising from quantum backaction noise aBA exerts a random force 
on the mechanical  oscillator.  The  acceleration  noise  created  by  optomechanical  











where nc is the cavity photon number. When the 















= 200ng/Hz1/ 2  
Frequency inaccuracy from the spectrum analyzer also brings noise to the 
acceleration measurement. Readout frequency accuracy of the Agilent PSA E4448a is 
determined by the sum of several error sources, including frequency reference 
inaccuracy, span error, and resolution bandwidth (RBW) center-frequency error.  
Frequency reference accuracy is ±[(time since last adjustment × aging rate) + 
temperature stability + calibration accuracy] = ±[1×10-7/year × 1 year + 1 × 10-8 + 7 × 
10-8] = ±1.8 × 10-7. For the measurement, the span error is 0.25% × span = 0.25% × 400 
Hz = 1 Hz and RBW error is 5% × RBW = 5% × 1 Hz = 50 mHz. Residual error is 2 Hz. 
The sum of the above is 3.05 Hz, which gives the total readout frequency inaccuracy.  
      
4.6.3  Detection dynamic range 
We also examined the linear response range of the accelerometer. Figure 4.10a illustrates 
the computed linear response dynamic range from optomechanical stiffening. Along 
with the increase of acceleration signal, frequency shift deviates from linear behavior 
due to the nonlinear dependence of the optical resonance on the slot width s. To compare 
with measurements, an experimental standard deviation of the RF shift fluctuations are 
defined onto the modeling as shown which illustrates a ≈ 24.8 dynamic range. We also 
calculate the dynamic range versus stored energy for devices with different proof 




but decreases with larger proof mass. The corresponding experimental dynamic range is 
determined to be 23.5 dB and illustrated in Figure 4.10b, matching well with our 








Figure 4.10 | Dynamic range parameter space of the DC optomechanical 
accelerometer. a, Modeled primary DC accelerometer design with ≈ 24.8 dB dynamic 
range, , defined as 20% deviation (1 dB compression point) from linear regime. Dashed 
red line is the linear dependence, and blue line is the modeled Δfm for large imparted 
accelerations. b, Dynamic range for increasing optical pump power (cavity stored 
energy) and different proof masses. The experimental dynamic range from the 







4.7  Conclusion  
We have demonstrated for the first time a DC-response optomechanical accelerometer, 
driven into the oscillation mode for enhanced noise-equivalent acceleration in 
gravimetry. In pre-oscillation mode, the optomechanical drive and readout shows a 
sensitivity of 2.31 µg/Hz. Driven into self-regenerative optomechanical oscillation 
modes with sub-10-mHz linewidths, the oscillator demonstrates a DC acceleration 
resolution down to 730 ng/Hz1/2, at the thermal noise limit and ≈ 3.7× the quantum 
backaction noise. The mesoscopic room-temperature implementation with RF 
optomechanical transduction and readout provides a platform towards low-noise 
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A Broadband On-chip OSA Based on the Vernier Effect 










5.1  Introduction 
Integrated optical spectrometers have received increased attention in recent years due to 
their inherent advantages and broad potential applications to wavelength division 
multiplexed optical communications, as well molecular and biological detection and 
identification.  
    Integrated optical spectrometers with different configurations have been 
realized, including examples based on arrayed-waveguide gratings [1, 2] and diffractive 
grating spectrometers [3]. Since the spectral resolution is linked to the number of 
grooves or waveguides, the resolution of these spectrometers is limited by the size of the 
dispersive region. If such spectrometers are to be integrated in lab-on-chip devices, 
reducing the footprint of the spectrometers is an important requirement. A recent 
demonstration with decreased configuration area used a diffractive grating spectrometer 
combined with thermally tunable micro-ring resonators [4]. However, the resolution and 
channel counts of these grating-based designs are still restricted by the number of 
waveguides.  
    Previous designs of array-based micro-spectrometers with narrow-band 
spectral responses include a filter array with Fabry-Perot cavities [5, 6], a micro-donut 
resonators array [7] and an array of photonic crystal cavities [8-11]. The bandwidths of 
these configurations are strictly limited by the free spectral range (FSR) of individual 




requires a large number of high quality optical elements, which greatly increases 
fabrication complexity. For some of these architectures, each channel requires a single 
photodetector to measure the output from the spectral component simultaneously. By the 
high count of photodetectors necessary to support these systems, integration complexity 
likewise scales.  
    In this chapter, we propose and demonstrate a new on-chip optical spectrum 
analyzer (OSA) configuration based on the Vernier Effect of the two cascaded high 
quality tunable ring resonators. The FSR of the resonator can be largely extended by the 
optical Vernier effect. An FSR up to 100 GHz has been reported with dual ring filters 
[12]. Applications of the dual ring systems, such as biosensors [13], have also been 
reported. In this work, the device, inclusive of the two cascaded resonators, exhibits an 
FSR of around 70 nm. To make a compact on-chip OSA system, we also integrate an on-
chip Germanium photodetector to measure the optical power and send the data to be 
processed. An on-chip Mach-Zehnder modulator (MZM) is employed to conduct a phase 
sensitive detection. The device performance metrics in combination show significant 
improvements compared to the state-of-the-art with the achievement of small footprint, 
wide wavelength range as well as sub-nanometer resolution. Its compact and simple 
configuration, compared with other spectrometers, reduces fabrication complexity. This 
on-chip OSA could be attractive for implementation in photonic integrated circuits 
(PICs) and optical communication systems. 
 




Our broadband on-chip OSA is composed of two cascaded ring resonators. Each 
individual ring resonator has a comb-like transmission spectrum with peaks at its 
resonance wavelengths. The FSRs of the two rings, FSR1 and FSR2, are designed to be 
different by choosing different radii for the first and second ring, respectively. Heaters 
are integrated with the ring resonators to tune the resonant frequency, since the optical 
path length of the heated waveguide changes due to the temperature dependence of the 
refractive index [14]. 
To derive the period, the resonances of the ring resonator with the shorter optical 
roundtrip are noted λshort, and the resonances of the resonator with the longer optical 
roundtrip as λlong. Suppose at wavelength λ0 two resonances of the respective resonators 
coincide. The other resonance wavelengths of both resonators are  
              λshort,k = λ0 + k × FSRshort                                                    (1) 
               λlong,k  = λ0 + l × FSRlong                                                    (2) 
where k and l are integers. The signal appears again in the transmission spectrum when 
the two resonances coincide again. This occurs for an index k = K for which λshort,K = 
λlong,K+N, plug into equation (1) and (2) we have 






FSRshort − FSRlong( )
                                              (3) 







Period = λshort,K - λ0 =  K × FSRshort   
                                                                         (4) 
The FSR of two cascaded ring resonators is then given by the least common multiple of 
FSR1 and FSR2. 
    For the on-chip OSA, the cascaded ring architecture serves as a wavelength 
filter and only light at wavelengths with identical peaks can be transmitted. Each 
combined FSR corresponds to one such channel. Illustration the functionality of the 
OSA, then, the transmitted power is proportional to the input power at the filtered 
wavelength. The integrated heater of each cascaded microring can be tuned to 
continuousely shift the channel wavelength via adjusting the ring’s resonant frequency. 
In this case, the channel spacing is only limited by the minimum step that the resonances 
can be tuned. The transmitted power seen at the OSA output is an indication of the 








Figure 5.1 | SEM images and band diagram of the photonic crystal. a, 
Microscope image of the on-chip OSA. Zoomed in images show the germanium 
photodetector (top) and the first micro-ring resonator with the integrated heater (bottom). 




The on-chip OSA is fabricated using a Silicon-on-Insulator (SOI) wafer with a 220 nm 
device layer. The image of the integrated device is shown in Figure 5.1(a). Light is 
coupled in and out of the circuit through grating couplers (not shown in the image). The 
grating couplers have a silicon-etch of 60 nm to define the gratings, which are arranged 
in a non-uniform pattern to increase coupling. The insertion loss is about 3.1 dB at 1550 
nm and the 1.5 dB bandwidth is 50 nm [16]. The built-in traveling-wave MZM 
modulates the input light for a phase sensitive detection, which will extract signal from 
the environmental noise. The modulator is constructed, based on a lateral p-n junction 
waveguide with coplanar metal strips. The modulator length is 1 mm, while each arm 
has an independent Ground-Signal (GS) transmission line drive [17]. Two ring 
resonators with different optical roundtrip length are cascaded by 1.2 µm-wide ridge 
waveguide, which has a propagation loss of 0.27±0.06 dB/cm. The radii of the two ring 
resonators are 12.1 µm and 11.8 µm respectively. Integrated heaters are placed on top of 
the micro-rings. Light transmits through the two cascaded ring filters and then is 
received by an evanescently coupled Germanium photo-detector with a length of 11 um. 
The p-n junction is defined by an n-type implant in Germanium and a p-implant in 
silicon directly below the Germanium. Cross-wafer testing measured an average 
responsivity of 0.74±0.13 A/W [18]. Zoom-in images in Figure 5.1(a) show the 
photodetector (top) and one of the ring resonators (bottom) with its heater. There are ten 
electronic pads, all of which have been wire-bonded to a Pin Grid Array (PGA) package 
in order to maintain a stable contact resistance. The total footprint of the integrated 




rings have unused waveguide input and output ports serving as the test port to measure 
the spectrum of each ring separately.  
 
5.3  Characterization and function demonstration  
5.3.1  Experimental setup 
The experimental setup diagram is shown in Figure 5.2. A tunable laser (Ando Q1234, λ 
= 1520 nm−1600 nm) is used as the light source. The polarization state of the input light 
is optimized by a polarization controller (PC). Light is coupled into grating couplers 
using an x-port fiber array. The transmission is monitored by a photodetector (Thorlabs 
PPA20CS). Two DC power supplies (Agilent E3633A, 0-12 V, minimum step size 1 
mV) are employed to change the heater voltages and tune the resonant frequency. 
Another DC power supply (Agilent E3620A) is adopted to adjust the bias of the on-chip 
modulator. The spectrum of a micro-ring cavity is used as the reference spectrum to 
demonstrate the functionality of the on-chip OSA. The light source used here is a 
broadband source (JDS Uniphase). The reference signal is amplified by an erbium-doped 
fiber amplifier (EDFA) before sending to the on-chip OSA. The input light is modulated 
by a 50 kHz sinusoidal signal generated by a signal generator (Rhode&Schwarz). The 
same signal is also sent to the lock-in amplifier (Stanford Research System) as a 
reference signal. The electrical signal from the on-chip Germanium detector mixes with 
the reference signal in the lock-in amplifier, and the output signal is collected by a data 











Figure 5.2 | Block diagram of the experimental setup. The on-chip OSA box 
represents the on-chip OSA system. The optical characterization box represents the setup 
used to measure optical spectrum of each ring resonators. A tunable laser and a photo-
detector are used. DC power supplies control the integrated heaters voltages. The 
function demonstration box represents the setup used to test the functionality of the 
system. A testing signal is generated from a broadband source and a micro-ring 
resonator. The optical signal is amplified by the EDFA before it is sent to the on-chip 
OSA. The function generator connects to the on-chip modulator and the detector sends 





5.3.2  Function demonstration 
Figure 5.3(a) shows the periodic optical frequency responses of the first and second ring 
resonators from 1530 nm to 1600 nm at passive state. The FSR of the first and second 
ring is 12.46 nm and 11.05 nm respectively. The quality factor of the resonances of the 
two rings are Q1 = 6.6×103 and Q2 = 6.8×103  from Lorentzian fit as shown in Figure 













Figure 5.3 | Optical spectrum of each single ring. a, The optical spectrum of the first 
(blue line) and the second (green line) ring resonator. The FSR of the first ring is 12.46 
nm and the FSR of the second ring is 11.05 nm. b, Lorentzian fit of one of the first ring’s 
peaks. Optical qualify factor is Q = 6.6×103. c, Lorentzian fit of one of the first ring’s 




Controlling the resonances precisely is crucial for realizing the spectrometer. 
Therefore, we first scanned the optical spectra of each ring with different voltages 
applied on the heaters. For the on-chip OSA, it was determined that a step size of 0.02 V 
is about a wavelength shift of 0.02 nm. For comparison purposes, then, the optical 
spectrum acquired by the commercial OSA was set to a resolution size of 0.02 nm. Then, 
a voltage scan of 0 V to 9.6 V, with a step of 0.02 V, was applied to the integrated 
heater. With this voltage scan it is shown that the tuning range of the resonant frequency 
is a little larger than its FSR.  
Figure 5.4(a) and 5.4(b) are the 2D spectra scans of the first ring and the second 
ring. For the first ring, the resonance shift is about 12.5 nm, larger than its FSR of 12.46 
nm when the voltage is adjusted from 0 V to 9.6 V. This shows that wavelengths in the 
range of 1530 nm to 1595 nm have a corresponding heater voltage value v1 to tune the 
first ring’s resonance to match the desired wavelength. Similarly, there will be a heater 
voltage value v2, from within the range of 0 V to 9.6 V, which can exact the second 
ring’s resonance to that of the same wavelength. From the Vernier effect, if we set the 
voltages as v1 and v2, there will only be a single peak that is transmitted through the two 
cascaded ring filters. Figure 5.4(c) shows the Vernier effect of the system. The applied 
heater voltages which garnered similar peak values are found to be v1 = 8.45 V and v2 = 
5.12 V. Only one peak appears in the spectrum from 1530 nm to 1580 nm at 1565 nm, 
which is what we show in Figure 5.4(c). The FWHM of the peak is 0.17 nm, which 
determines the theoretical resolution limit of the on-chip OSA. One such voltage pair 




spectra of other 150 channels with wavelength from 1525 nm to 1580 nm. For this 
experiment, we identified 3700 voltage pairs, effectively defining 3700 channels. The 
wavelength range of these channels is from 1521 nm to 1595 nm. As mentioned 
previously, the channel spacing is 0.02 nm, which is decided by the spectra scan’s 
wavelength resolution. Figure 5.4(d) shows the wavelength and heater voltage (v1, v2) 






Figure 5.4 | The Vernier effect and spectrometer channels. a-b Optical spectra 
scans of the first and second ring with different voltages applied on the heater from 0 V 
to 9.6 V with a step of 20 mV. The wavelength of the resonator shifted about 12.5 nm in 
the voltage range, a little larger than its FSR. The optical spectrum resolution is 0.02 nm. 
The color bar represents the power in dBm. c, Spectrum of a channel at 1565 nm. The 
FWHM of the peak is 0.17 nm from Lorentzian fit. Inserted is an illustration of 150 such 
channels. Each channel corresponds to a voltage pair (V1, V2). d, The heater voltages 




To demonstrate the functionality of the on-chip OSA, a reference spectrum was 
generated with a broadband light source, a passive micro-ring for reference and an 
EDFA. A commercial OSA was employed for comparison. The reference spectrum was 
measured by both the on-chip OSA and the commercial OSA. The results are shown in 
Figure 5.5. There are three major peaks of the reference spectrum located at 1529.56 nm, 
1542.43 nm and 1555.56 nm. The spectrum was first measured by the on-chip OSA with 
only 370 channels and a channel spacing of 0.2 nm as shown in Figure 5.5(a-b). The 
wavelength range of the spectrum is from 1521 nm to 1595 nm and the sampling point is 
1. For comparison, the reference spectrum was also measured by the on-chip OSA with 
3700 channels, channel spacing of 0.02 nm and sampling point of 20. The result is 
shown in Figure 5.5(c-f). The spectral shape from the on-chip OSA agrees very well 
with the spectrum measured with commercial OSA. Figure 5.5(b) and figure 5.5(d) are 
the zoomed-in images taken of the second peak of the two spectra. By comparing the 
two curves in figure 5.5(b) and (d), the locations of their peaks differ by around 0.2 nm. 
Figure 5.5(d) fits better with the reference with the peak shifts about 0.03 nm. As 
expected, smaller channel spacing and larger sampling points will yield higher spectral 









Figure 5.5 | Function demonstration. a, c, Optical spectrum measured with the on-
chip OSA system. The reference spectrum is generated from a micro-ring with three 
major peaks at 1529.56 nm, 1542.43 nm and 1555.56 nm. The red dashed curve is the 
measurement from the commercial OSA. a, Spectrum measured using 370 channels, 
with channel spacing of 0.2 nm. c, Spectrum measured using 3700 channels, with 
channel spacing of 0.02 nm. (b) (d) is the zoomed in image of the second peak in (a) (c), 




Both the wavelength and the power level of the on-chip OSA output signal have 
been calibrated. The wavelength of each channel is obtained from the 2D spectra scans. 
To test the wavelength accuracy, as illustrated in Figure 5.6(a), laser light at wavelength 
of 1535 nm, 1550 nm and 1575 nm was sent into the on-chip OSA. Its purpose was to 
serve as a calibration signal. The result shows that for all three spectra, the wavelength 
shift of the peak is less than 0.2 nm. A broadband light source (1520 nm-1590 nm) is 
employed to calibrate the power level and convert the output voltage from the lock-in 
amplifier to optical power. The light source is measured with both the commercial OSA 
and the on-chip OSA. Both spectra are shown in Figure 5.6(b), with the y-axes of the 
spectra corresponding to either the optical power as recorded from the commercial OSA 
(left axis) or the voltage value from the on-chip OSA (right axis). The ratio of the optical 
energy in the unit of milliwatt to the lock-in amplifier output in the unit of volt has been 
calculated. This number is not constant across different wavelengths due to the 
wavelength dependence of the photodetector, grating coupler, and waveguide design. 
Therefore, the ratio is also a function of wavelength, which we record to serve as a 
power calibration function. This function is used as part of the on-chip OSA 
functionality to calibrate the power level of the spectra. An example of a calibrated 










Figure 5.6 | Spectrum wavelength and power calibration. a, Wavelength accuracy 
test. Measured optical spectrum of monochromic light at wavelength of 1535 nm, 1550 
nm and 1570 nm. Wavelength shifts of the three peaks are all less then 0.2 nm. Insert 
figure is the zoom in of the peak at 1569.85 nm. b, Power level calibration. The input 
signal is the broadband source. The green curve is the output in mV, measured from the 
lock-in amplifier. The red dash line is measured with the conventional OSA. The blue 




The on-chip modulator is a silicon traveling-wave MZM. By using the on-chip 
modulator, a phase sensitive detection with the lock-in amplifier is commonly 
implemented in communication systems for detecting small signals in the presence of 
overwhelming noise, thus minimizing the effect of electronic noise on the signal. In 
order to demonstrate the advantage of phase sensitive detection, we compared the optical 
spectrum measured directly from the on-chip detector to the one measured from the 
lock-in amplifier. The reference spectrum from the micro-ring resonator was used, but 
for the purpose of brevity, we will only focus on the third peak here. We first employed 
a source-meter (Keithley 2410) and the output current signal was the photodetector. The 
current output was converted to optical power using the same power calibration method 
as described above. Figure 5.7 shows that the measured spectrum deviates from the 
reference spectrum of the commercial OSA, and the noise level increases from -13 dBm 









Figure 5.7 | Comparison of the spectrum noise level. The red dashed curve is 
measured from conventional OSA as a reference. For the green curve, the input light is 
not modulated and the output signal is collected directly from the on-chip Ge detector. 
The blue curve is obtained from a phase sensitive detection by using the on-chip 







5.3.3  OSA specifications 
The performance of an OSA is usually represented and limited by specifications such as 
measurement range, sensitivity, and resolution, which will be discussed in this section. 
The measurement range of our on-chip OSA system is given by the Vernier effect, 
which can be derived to be 11.05 nm times the integral part of [11.05 nm / (12.46 nm - 
11.05 nm)], equivalent to 77.35 nm. To better quantify the performance of the on-chip 
OSA, the sensitivity of the OSA is attained. Sensitivity is defined as the minimum 
detectable signal or, more specifically, six times the root mean square (RMS) noise level 
of the instrument [19]. Thus, the sensitivity of the on-chip OSA is identified by gradually 
decreasing the signal level, until it is six times the RMS noise level. Figure 5.8(a) shows 
the displays of measured results of four signals with declining power levels. The curve 
with the lowest peak’s amplitude is equal to the sensitivity of the on-chip OSA, which is 
-31.2 dBm. It can be noted that the sensitivity is limited by the dark current of the Ge 
photodetector and the insertion loss of the whole system including the loss from the 
grating couplers, waveguides, the modulator and the directional coupler. By optimizing 
the system design, for example through minimizing the length of the waveguides, the 
sensitivity can be improved. The ability of an OSA to display two signals closely spaced 
in the wavelength domain as two distinct responses is determined by the wavelength 
resolution. Wavelength resolution is, in turn, determined by the bandwidth of the optical 




corroborate this conclusion is to measure the FWHM of a monochromatic light. Figure 
5.8(b) shows the FWHM measured as 0.22 nm, 0.05 nm larger than expected. The result 
makes sense since 0.17 nm is the most optimal condition. For some measurements, the 
width of the filter is not the only concern. Filter shape (specified in terms of dynamic 
range) is also important. Dynamic range is commonly specified at 1 nm offsets from the 
main response [20]. Figure 5.8(c) illustrates that the on-chip OSA has a dynamic range 
of -31.7 dB at 1.0 nm, indicating that the OSA’s response to a purely monochromatic 











Figure 5.8 | Specification of the on-chip OSA. a, Sensitivity of the on-chip OSA. Input 
light power decreases from signal 1 to signal 4. The sensitivity of the system is -31.2 
dBm. b, The resolution of the On-chip OSA measured here is 0.22 nm. c, Dynamic range 








5.4  Discussion 
In this chapter, we have experimentally demonstrated a compact broadband on-chip 
OSA based on the Vernier effect of two cascaded ring resonators. We showed that the 
FSR of the system has been extended to 77 nm due to the Vernier effect. Since the 
channel count is not limited by the optical elements, we have demonstrated support of up 
to 3700 channels, with channel spacing of 0.02 nm. To the best of our knowledge, this is 
the highest number of channels and smallest channel spacing for such small device 
integration size. We also showed that the on-chip OSA could measure an optical 
spectrum with a resolution of 0.22 nm and a wavelength range of 70 nm in the 
communication band. The sensitivity reaches -31.2 dBm by using the phase sensitive 
detection. The device including the on-chip photodetector and modulator is integrated in 
a 1.5 mm2 area. If we only consider the area of the microrings and the photodetector, the 
footprint of the device is even less than 0.5 mm2. We believe that the results presented 
here can be used in photonic integrated circuits (PICs) and optical communication 
systems. 
 





               Table 5. 1. Comparison of state-of-the-art microspectrometers 
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6.1  Future applications 
As discussed in Chapter 4, the high sensitivity of the optical readout allows new 
integrated optomechanical platforms for acceleration sensing. Optomechanical cooling 
in combination with on-chip mechanical sensors has also been suggested to provide a 
reduction in thermal noise for the optical readout [1]. The combination with 
optomechanical preparation of squeezed mechanical states could lead to a new 
mechanical sensing technology with unprecedented levels of sensitivity due to the 
reduced position variance of the readout device.  
Besides the sensing applications, other applications of cavity optomechanics have 
also been reported during the part few years. In laser sciences, these include tunable 
optical filters, based on the fact that optomechanical coupling can lead to extreme tuning 
of the mechanical frequency up to several octaves, as well as optomechanical 
implementations of laser stabilization [2]. Embedded optomechanical cavities have been 
shown to serve as an all-optical memory element [3, 4], or have been proposed as a new 
technology for single-photon detection [5].  
From a quantum information processing perspective cavity optomechanics offers 
a new architecture for coherent light-matter interfaces in a solid-state implementation. 
Mechanical motion can serve as a universal transducer to mediate long-range 
interactions between stationary quantum systems. The specific trait of optomechanical 
systems is the interconversion between stationary qubits and flying qubits, which 












 [1] M. Winger, T. D. Blasius, T. P. Mayer Alegre, A. H. Safavi-Naeini, S. Meenehan, J. 
Cohen, S. Stobbe, and O. Painter, A chip-scale integrated cavity-electro-optomechanics 
platform, Opt. Express 19, 24905 (2011). 
[2] T. P. M. Alegre, R. Perahia, and O. Painter, Optomechanical zipper cavity lasers: 
theoretical analysis of tuning range and stability, Opt. Express 18, 7872 (2010). 
[3] M. Bagheri, M. Poot, M. Li, W. P. H. Pernice and H. X. Tang, Dynamic 
manipulation of nanomechanical resonators in the high-amplitude regime and non-
volatile mechanical memory operation, Nature Nanotechnology 6, 726 (2011). 
[4] G. D. Cole and M. Aspelmeyer, Cavity optomechanics: Mechanical memory sees the 
light, Nature Nanotechnology 6, 690 (2011). 
[5] M. Ludwig, A. H. Safavi-Naeini, O. Painter, and Florian Marquardt, Enhanced 
Quantum Nonlinearities in a Two-Mode Optomechanical System, Phys. Rev. Lett. 109, 
063601 (2012). 
[6] H. J. Kimble, The quantum internet, nature (london) 453, 1023 (2008). 
[7] M. Aspelmeyer, T. J. Kippenberg, F. Marquardt, Cavity optomechanics: nano- and 
micromechanical resonators interacting with light, Springer (2014). 
 
 
 
 
